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PREFACE   TO   THE   FIRST   EDITION. 

In  the  following  pages  I  have  endeavoured  to  bring  before 
the  student,  in  an  elementary  manner,  the  most  important 
of  those  laws  which  regulate  the  phenomena  of  nature  ; 
but  the  subject  is  so  extensive  that  a  detailed  account  cannot 
be  given  in  such  a  treatise  as  this. 

The  various  branches  of  the  subject  have  been  so  ar- 
ranged that  the  student  may  perceive  the  connexion  between 
them.  For  many  particulars  of  this  arrangement  I  am 
indebted  to  my  friend  Professor  Tait. 

An  account  of  the  various  active  agents,  heat,  light,  elec- 
tricity, &c.,  must  always  form  a  large  portion  of  a  work 
on  Physics.  These  have  been  regarded  as  varieties  of  energy 
— the  laws  of  energy  forming,  as  it  were,  the  thread  upon 
which  the  various  divisions  of  the  subject  are  strung  to- 
gether. The  description  of  these  agents  is  not,  of  course, 
materially  different  from  that  usually  given ;  but  by  this 
means  of  connecting  them  together,  the  student  is  con- 
stantly reminded  of  the  paramount  importance  of  the  laws 
of  energy. 
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For  the  plate  representing  various  spectra,  which  forms 
the  frontispiece,  and  for  that  of  the  Kew  spectroscope,  I 
am  indebted  to  my  friend  Mr.  Lockyer ;  and  I  have  much 
pleasure  in  thanking  Mr.  George  Whipple,  of  the  Kew 
Observatory,  for  many  suggestions  while  the  work  was 
passing  through  the  press ;  and  also  Mr.  J.  D.  Cooper  and 
Mr.  CoUings  for  the  care  they  have  bestowed  upon  the 
illustrations. 


Manchester,  October^  1870. 


PREFACE  TO   THE   EDITION   OF  1877. 

In  the  present  edition  some  new  matter  has  been  introduced, 
more  especially  in  the  chapter  which  treats  of  Sound.  I 
am  much  indebted  to  Professor  Core,  of  Manchester,  and 
to  Mr.  Bion  Reynolds,  M.A.,  for  assistance  and  sugges- 
tions, and  I  may  take  this  opportunity  of  stating  that 
Professor  Core  intends  shortly  to  publish  a  book  of  questions 
founded  upon  these  Lessons. 

December^  1877. 


PREFACE  TO   THE   EDITION   OF  1885. 

The  chief  alteration  in  the  present  edition  is  the  introduc- 
tion, near  the  end  of  the  volume,  of  a  short  sketch  of  the 
more  prominent  practical  applications  of  electricity  which 
have  recently  been  made. 

I  am  indebted  to  the  kindness  of  Mr.  Kenneth  Romanes 
for  pointing  out  several  errors,  chiefly  typographical,  which  I 
have  now  corrected. 

September^  1885. 


PREFACE   TO  THE   PRESENT   EDITION. 

The  sheets  of  this  new  edition  were  finally  revised  by  the 
late  Professor  Balfour  Stewart  up  to  p.  192;  He  had  also 
made  a  first  revise  up  to  p.  304.  The  edition  has  been  com- 
pleted by  Mr.  W.  W.  Haldane  Gee,  B.Sc,  Lecturer  of  the 
Victoria  University.  The  chief  changes  introduced  have 
been  in  the  chapters  relating  to  Electricity  and  Magnetism, 
which  have  been  rearranged  and  new  figures  and  additional 
matter  included.  This  has  been  done  in  accordance  with  the 
expressed  intention  of  Dr.  Stewart.  The  reviser  is  indebted 
to  Professor  T.  H.  Core,  M.A.,  for  his  advice  respecting 
several  of  the  alterations  that  have  been  made,  and  for 
kindly  reading  through  the  proofs. 

June,  1888. 
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ELEMENTARY     PHYSICS. 


INTRODUCTION. 

1.  Definition  of  Physics. — As  we  look  around  on  the 
universe  in  which  we  dwell,  we  are  struck  with  a  variety  of 
objects  outside  of  ourselves  and  independent  of  us.  Some 
of  these  we  see,  some  we  hear,  others  we  touch,  or  taste,  or 
smell,  while  many  appeal  to  various  senses  at  once. 

When  quite  young  we  begin  to  reason  upon  these  impres- 
sions, and  the  constant  recurrence  of  phenomena  in  a  certain 
order  gives  us  a  well-grounded  expectation  that  in  future  the 
same  order  will  be  observed.  As  night  approaches,  the  sun 
appears  to  sink  below  the  horizon,  and  so  to  vanish  from  our 
sight ;  and  yet,  from  past  experience,  we  have  the  most 
perfect  confidence  that  he  will  reappear  on  the  morrow. 
But  while  all  classes  of  men  in  every  age  acquire  from  the 
necessities  of  life  a  certain  knowledge  of  the  laws  which 
regulate  the  phenomena  around  them,  this  knowledge  is 
nevertheless  most  superficial  and  imperfect.  A  child  knows 
that  a  stone  will  fall  to  the  ground,  but  it  required  a  Newton 
to  discover  the  law  of  gravitation. 

It  is  only  within  the  last  three  centuries  that  men  have 
®  /  B 


2  ELEMENTARY  PHYSICS. 

seriously  set  themselves  to  the  task  of  acquiring  a  knowledge 
of  the  laws  of  Nature,  and  even  now  we  know  but  a  small 
part  of  these  laws.  Nevertheless,  a  great  deal  has  been 
gained  to  the  human  race  in  that  which  has  already  been 
done,  and  the  subject  forms  a  study  as  elevating  as  it  is 
instructive.  These  lessons  are  intended  to  serve  as  an 
introduction  to  this  branch  of  knowledge  which  is  called 
PhysiCB. 

fi.  Various  Affgresations  of  Matter. — The  student  should 
first  endeavour  to  realize  the  magnitude  of  the  Universe  or 
Cosmos  ;  and  although  questions  of  size  and  distance  belong 
more  particularly  to  astronomy,  yet  the  results  of  this  science 
may  with  propriety  be  imported  into  the  introduction  of  a 
work  on  Physics. 

In  a  clear  night  we  see  stretching  across  the  heavens  a 
faintly  luminous  band,  called  the  milky  way  or  galaxy. 
When  viewed  by  the  telescope,  it  is  found  to  consist  of 
innumerable  stars,  which  are  massed  so  closely  together  in 
this  particular  part  of  the  heavens  as  to  give  the  appearance 
of  a  gigantic  whole  or  substance  (of  which  the  grains  or 
particles  are  individual  stars),  occupying  a  particular  region 
of  space.  This  whole  is  probably  the  largest  whole  in  the 
universe. 

A  ray  of  light,  moving  at  the  rate  of  nearly  200,000  miles 
a  second,  would  take  at  least  many  years  to  move  across  the 
diameter  of  the  milky  way. 

Now,  each  of  the  stars  of  this  galaxy  is  an  intensely  hot 
and  very  large  globe,  in  size  comparable  to  our  Sun,  which  is 
in  reality  a  star  of  average  dimensions.  Many  of  these  stars 
have,  no  doubt,  associated  with  and  circulating  round  them  a 
number  of  bodies  smaller  than  themselves.  The  sun  has  a 
number  of  sateiliteB  of  this  kind,  of  which  our  own  earth  is 
one.  The  sun  and  his  satellites  together  form  the  solar 
system,  and  in  like  manner  we  may  imagine  each  star  to 
represent  a  Bystem. 

Descending  now  from  the  larger  masses  of  the  universe  to 
our  own  earth,  we  meet  with  BubBtancea  of  various  kinds, 
and  it  becomes  the  office  of  the  chemist  to  resolve  these  into 
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their  components.  He  finds  that  all  bodies  are  made  up  of 
some  sixty  or  seventy  elements,  united  together  in  various 
ways.  Let  us  take,  for  example,  a  piece  of  table  salt  or 
chloride  of  sodium,  and  imagine  that  we  have  the  power 
of  subdividing  it  indefinitely.  We  have  reason  to  think 
that,  if  we  continued  the  process  of  subdivision  long 
enough,  we  should  at  last  reach  a  limit  which  could  not  be 
overpassed  without  altering  the  nature  of  the  substance  ;  or, 
in  other  words,  we  should  at  last  reach  the  smallest  body 
capable  of  possessing  the  properties  of  salt.  This  we  term 
a  molecule. 

If  we  still  continue  the  subdivision,  we  separate  the  com- 
poimd  molecule  of  salt  into  its  two  components,  sodium  and 
chlorine,  forming  elementary  atoms  which  we  do  not  imagine 
to  be  capable  of  further  subdivision  by  any  means  at  our 
disposal. 

Thus,  in  the  large  or  cosmical  scale,  we  have,  in  the  first 
place,  clusters  of  starry  systems  ;  secondly,  individual  sys- 
tems ;  thirdly,  individual  components  of  these  systems  : 
while  in  the  small  scale  we  have  substances,  molecides,  and 
atoms. 

3.  Porosity. — Now,  just  as  in  the  starry  firmament  there 
are  vacant  spaces  between  the  various  individual  stars,  so  in 
the  small  scale  there  are  probably  vacant  spaces  between  the 
various  molecules  of  a  body  ;  and  just  as  there  are  vacant 
spaces  between  the  various  components  of  the  solar  system, 
so  there  are  probably  vacant  spaces  between  the  various 
atoms  that  go  to  form  the  compound  molecule.  In  other 
words,  bodies  are  porous,  but  we  must  distinguish  between  two 
kinds  of  pores, — xi^Jti^Xy,  physical  pores yvihich  exist  in  bodies 
with  no  apparent  want  of  continuity,  their  existence  being 
rendered  evident  by  the  contraction  of  such  bodies  when 
exposed  to  cold,  and  sensible  or  visible  poreSy  which  form 
actual  cavities  capable  of  being  seen  by  the  microscope,  or 
'made  evident  in  some  other  way. 

The  skin  of  the  human  body  is  a  very  good  example  of  a 
substance  possessing  sensible  pores,  and  a  piece  of  blotting- 
paper  or  sponge  is  another. 

B  2 
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4.  Three  States  of  Matter. — Very  many  of  the  substances 
with  which  we  are  acquainted  are  capable  of  appearing 
before  us  in  three  different  states.  There  is  first  of  all  the 
■olid  state,  in  which  a  body  has  a  definite  form,  and  endea- 
vours to  retain  it ;  secondly,  there  is  the  liquid  state,  in 
which  the  body  requires  to  be  kept  in  a  vessel,  and  adapts 
itself  so  as  always  to  have  its  surface  horizontal ;  and  there 
is,  thirdly,  the  traseoiui  state,  in  which  the  body  cannot  be 
held  in  an  open  vessel,  but  must  be  shut  in  on  all  sides,  and 
always  fills  the  vessel  in  which  it  is  held.  Both  liquids  and 
gases  possess  extreme  mobility,  in  contradistinction  to  the 
rigidity  of  a  solid ;  while  a  gas  again  is  distinguished  from 
a  liquid  by  its  incapacity  of  remaining  in  an  open  vessel,  and 
having  a  surface. 

Earth,  a  rock,  a  mountain,  a  table,  a  chair,  are  examples 
of  solids  ;  water  and  wine  are  examples  of  liquids  ;  while  the 
atmospheric  air  is  a  very  good  example  of  a  gas. 

5.  Motion. — Having  now  described  the  various  aggre- 
gations and  kinds  of  matter,  something  may  be  said  about 
motion. 

We  can  only  conceive  of  relative  motion,  for  when  a  body 
fs  in  motion  we  can  only  know  the  fact  by  reference  to  some 
other  body  which  is  not  moving  with  it.  Thus  we  know  that 
planets  are  in  motion  because  we  see  them  continually 
changing  their  positions  among  the  fixed  stars.  We  know, 
too,  that  our  earth  is  in  rapid  motion  round  the  sun ;  and 
yet  in  a  calm  day,  although  this  rapid  motion  of  the  earth  as 
a  whole  is  going  on,  there  is  no  motion  of  the  various  parts 
of  the  terrestrial  landscape  among  themselves. 

Thus,  despite  the  rapid  motion  of  the  whole,  there  may  be 
a  profound  repose  of  the  various  parts.  On  the  other  hand, 
a  body  may  be  at  rest  as  a  whole,  and  yet  there  may  be 
violent  motions  of  its  various  parts  among  themselves.  Let 
us  take,  for  instance,  any  substance  apparently  at  rest,  say  a 
block  of  stone.  Although  there  is  no  appearance  of  motion 
in  this  substance,  yet  we  have  very  strong  reasons  for 
supposing  that  its  various  molecules  are  in  rapid  motion 
of  some  sort  among  themselves,  so  minute  and  so  rapid  that 
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we  should  not  perceive  it,  even  if  we  used  a  microscope  of 
very  great  power. 

In  fine,  no  substance  in  the  universe  is  at  rest ;  the 
particles  of  all  bodies  are  in  rapid  motion  backwards  and 
■forwards,  and  the  bodies  themselves  in  rapid  motion  through 
space. 

6.  Force. — In  what  we  now  say  about  force  we  anticipate 
to  some  extent  the  laws  of  motion.  It  seems  however 
desirable  for  the  student  that  a  definition  of  force  should 
precede  rather  than  follow  the  formal  statement  of  these 
laws. 

Let  us  begin  by  taking  a  group  of  bodies  at  rest  with 
regard  to  one  another ;  this  state  of  rest  can  only  be  changed 
by  force.  Thus,  for  instance,  suppose  we  fire  a  gun,  the 
previous  state  of  rest  of  the  bullet  has  now  been  changed 
by  the  force  of  the  gunpowder  into  one  of  rapid  motion. 
Or  take  a  railway  train  at  rest ;  the  train  is  set  in  rapid 
motion  through  the  force  derived  from  the  engine  which 
draws  it. 

But  as  it  needs  force  to  produce  motion,  so  does  it  equally 
need  force  to  destroy  it ;  the  bullet  from  the  gun  will  ulti- 
mately have  its  motion  destroyed  by  the  resistance  from 
some  hard  substance  against  which  it  strikes,  and  the  rail- 
way train  will  have  its  motion  stopped  by  the  friction  caused 
by  the  break.  A  thing  which  is  difficult  to  move  is  difficult 
to  slop,  and  a  thing  which  is  easy  to  move  is  easy  to  stop, 
the  reason  being  that  it  requires  an  equal  and  opposite 
application  of  force  to  set  a  body  in  motion,  and  to  bring  it 
again  to  rest. 

We  have  various  kinds  of  force  in  Nature,  the  most  pro- 
minent being  the  force  of  graTitation.  It  is  in  virtue  of 
this  force  that  a  body  falls  to  the  ground,  and  it  is  in  virtue 
of  this  same  force  that  the  earth  moves  round  the  sun.  If 
the  attraction  of  gravitation  were  to  cease,  the  earth  would 
continue  to  move  at  a  uniform  rate  in  a  straight  line,  and 
soon  leave  the  sun  behind  it,  while  we  in  turn  should  be  able 
to  separate  ourselves  from  the  earth. 

On  the  small   scale  we  have  the  force  of  cohesion^  in 
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virtue  df  which  the  molecules  of  a  body  keep  together.  If 
this  force  were  taken  away,  everything  would  be  reduced 
into  small  particles,  and  scattered  about. 

Again  there  is  the  force  of  chemical  attraction,  in  virtue 
of  which  two  different  atoms  cling  together  to  form  a 
compound.  If  this  force  were  absent,  there  would  be 
no  such  thing  as  a  compound  substance,  and  we  should  be 
limited  in  our  range  to  some  sixty  or  seventy  substances, 
most  of  which  are  metals. 

Thus  we  see  that  the  force  of  gravitation  binds  the  larger 
masses  of  the  universe  together,  and  prevents  the  earth  from 
leaving  the  sun.  The  force  of  cohesion  binds  together 
the  various  particles  or  molecules  of  the  bodies  which  we 
see  around  us,  while  in  virtue  of  chemical  affinity  we  obtain 
a  much  greater  variety  of  substances  than  we  should  other- 
wise have. 

Force  does  not,  however,  always  produce  motion.  Thus 
a  stone,  lodged  on  the  top  of  a  precipice,  is  not  in  motion, 
although  in  virtue  of  the  force  of  gravitation  of  the  earth, 
it  presses  or  weighs  upon  the  ground  of  the  cliff.  But  this 
same  force  which  causes  the  pressure  of  the  stone  against 
its  support,  will  cause  it  to  fall  downwards  over  the  side  of 
the  cliff,  with  a  continually  increasing  velocity,  when  once 
the  support  is  removed,  and  it  is  free  to  obey  the  attraction 
of  the  earth. 

While  the  stone  lay  on  the  top  of  the  cliff,  the  force  with 
which  the  earth  attracted  it  was  counteracted  by  an  opposite 
force— namely,  the  resistance  of  the  support  on  which  the 
stone  was  placed ;  and  when  this  resistance  was  removed, 
the  stone  began  to  fall,  and  continued  to  do  so  with  increasing 
velocity  until  it  reached  the  bottom  of  the  cliff. 

We  thus  see  that  the  simplest  effect  of  a  force  is  the  pro- 
duction of  motion,  and  it  is  only  when  the  force  is  resisted 
by  another  that  we  have  equilibrium  or  repose.  In  the 
following  pages,  therefore,  we  shall  commence  with  the  case 
where  a  single  force  produces  motion,  and  end  with  that 
where  two  or  more  counteracting  forces  produce  equilibrium 
or  repose. 


CHAPTER  I. 
LA  WS  OF  MOTION. 

Lesson  I.— Determination  of  Units. 

Before  proceeding  further,  let  us  fix  upon  our  units  of 
measurement. 

7.  Unit  of  Duration. — In  the  first  place,  with  respect  to 
duration  or  time,  the  second  will  be  the  most  convenient 
unit,  and  being  in  general  use  nothing  further  need  be  said 
about  it.  But  as  regards  the  units  of  length  and  mass,  those 
in  use  in  this  country  are  by  no  means  well  adapted  for  the 
purposes  of  science,  in  which  respect  the  metrical  system  of 
France  has  decided  advantages  over  all  others.  Being  a 
decimal  system,  all  calculations  are  by  it  rendered  extremely 
simple,  besides  which  it  is  in  general  use  amongst  the 
scientific  men  of  all  countries. 

8.  Unit  of  Iienffth. — The  m^tre  is  the  foundation  of  the 
metrical  system  of  linear  measure,  one  m^tre  being  equal  to 
39*37079  English  inches.  In  the  following  table  the  m^tre 
and  its  decimal  derivatives  on  the  one  hand  are  compared 
with  British  inches  on  the  other  : — 

INCHES. 

One  millimetre  (a  thousandth  part  of  a  metre)  =  o'o3937 

One  centimetre  (a  hundredth  part  of  a  metre)  =  0*39371 

One  dddmetre  (a  ten:h  of  a  metre)  ^=  3'937o8 

One  m&tre  =  39*37079 

One  decametre  (ten  metres)  =  393*70790 

One  hectometre  (one  hundred  metres)  =  3937*07900 

One  kilometre  (one  thousand  mitres)  =  3937o'79ooo 

In  the  margin  is  a  scale,  representing  a  d^cim^tre  or  tenth 
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part  of  a  m^tre,  which  is  subdivided  into  centimtoes  and 
millimetres. 

9.  Unit  of  Superficial  Extent  or  Surface. — The 

measures  of  surface  and  capacity  follow  easily 
from  those  of  length.  Of  the  former  we  have 
squares,  of  which  the  sides  are  millimetres,  centi- 
metres, decimetres,  and  metres  ;  a  square  metre 
being  likewise  called  a  centiare.  We  have  also 
the  square  whose  side  is  ten  metres,  called  the  are, 
and  the  square  whose  side  is  loo  metres  called  the 
hectare. 

10.  Unit  of  Capacity  or  Volume. — Again,  with 
regard  to  measures  of  capacity  or  volume,  we  have 
the  cubic  millimetre,  the  cubic  centimetre,  called 
the  millilitre,  the  cubic  decimetre,  called  the  litre, 
and  the  cubic  metre,  called  the  kilolitre.  The  rela- 
tion between  the  measures  of  length,  surface,  and 
capacity  is  seen  from  the  following  table  : — 


LENGTH.  SURFACE.  CAPACITY. 

(A)  Millimetre  square  millimetre  cubic  millimetre. 

(B)  Centimetre  square  centimetre  cubic  centimetre. 

(C)  Decimetre  square  decimetre  cubic  d&nmetre  or  litre. 

(D)  Metre  square  metre  or  centiare  cubic  metre  or  kilolitre. 

(E)  Decametre  square  decametre  or  are. 


If  we  take  the  first  column,  or  that  of  length, 
we  find  that  (B)  is  ten  times  as  great  as  (A),  (C) 
ten  times  as  great  as  (B),  and  so  on,  each  letter 
denoting  a  length  ten  times  as  great  as  the  pre- 
ceding one.  Again,  if  we  take  the  second  column, 
or  that  of  surface,  we  find  that  (B)  is  loo  times 

Fig.  I.        as  great  as  (A),  (C)  loo  times  as  great  as  (B),  and 
so  on.     And,  finally,  if  we  take  the  third  column, 

or  that  of  capacity,  we  find  that  (B)  is  i,ooo  times  as  great 

as  (A),  (C)  I, coo  times  as  great  as  (B),  and  so  on. 

Thus  ten  is  the  multiplier  in  the  first  column  ;  the  square 

oftetiy  or  I  GO,  the  multiplier  in  the  second  ;  and  the  cube  of 

ten^  or  i,ooo,  the  multiplier  in  the  third. 
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Keeping  the  table  in  view,  the  following  examples  will 
render  evident  the  excellence  of  the  metrical  system,  as 
compared  with  that  in  use  in  England. 

Question  I. — How  many  square  feet  are  there  in  150  square 
inches.'*  Answer. — Since  one  foot  is  equal  to  twelve 
inches,  one  square  foot  is  equal  to  12  X  12  or  144  square 
inches.  Hence  there  are  JfJ  =  1*0416  square  feet  in  150 
square  inches. 

Question  II. — How  many  square  centimtees  are  there  in 
150  square  millimetres?    Answer, — 1*50. 

Question  III. — How  many  cubic  yards  are  there  in  93  cubic 
feet  .'*  Answer. — Since  there  are  three  feet  in  a  linear  yard 
there  are  3  X  3  X  3,  or  27  cubic  feet  in  one  cubic  yard, 
and  hence  there  are  §?  or  3*4*  cubic  yards  in  93  cubic  feet. 

Question  IV. — How  many  litres  are  there  in  1,789  milli- 
litres  ?    Answer — 1 789. 

11.  Unit  of  Mass. — In  the  next  place,  according  to  this 
system  the  relation  between  the  unit  of  volume  and  that  of 
mass  is  of  a  very  simple  kind.  The  unit  of  mass  is  that  of 
one  cubic  centimetre  of  pure  water  at  the  temperature  of  4** 
centigrade,  which  is  the  point  of  maximum  density  of  water. 
The  mass  of  this  bulk  of  water  is  called  a  gramme,  and  the 
gramme  has  decimal  derivatives  similar  to  those  of  the  metre. 
The  following  table  shows  the  relation  between  the  French 
and  English  system  of  estimating  masses  : — 

GRAINS. 

One  milligramme  (a  thousandth  part  of  a  gramme)  =  0*015432 

One  centigramme  (a  hundredth  part  of  a  gramme)    =  0*154323 

One  decigramme  (a  tenth  part  of  a  gramme)              =  1*543235 

One  gramme                                                                   =  15 '432349 

One  decagramme  (10  grammes)                                     =  154*323488 

One  hectogramme  (100  grammes)                                 =  1543*234880 

One  kilogramme  (1,000  grammes)                               =  15432*348800 

Ifi.  Unit  Of  Velocity. — Velocity,  or  rate  of  motion,  is 
easily  understood,  for  we  have  constantly  before  us  bodies  in 
motion  as  in  one  of  the  most  familiar  experiences  in  life.  A 
railway  train  passes,  and  we  estimate  that  it  is  moving  at  the 
rate  of  forty  miles  an  hour.     We  have  a  perfectly  distinct 
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conception  of  this  velocity,  even  although  the  train  should 
not  travel  the  whole  hour,  or  the  whole  forty  miles.  We 
mean  that  were  it  to  go  on  moving  at  the  same  rate  at  which 
it  was  moving  when  we  saw  it,  it  would  in  the  course  of  an 
hour  pass  over  forty  miles.  Perhaps  it  begins  to  slacken  its 
pace  shortly  after,  so  that  its  velocity  is  soon  reduced  to  thirty 
miles  an  hour,  then  to  twenty  miles,  then  to  ten  miles,  until 
it  finally  stops.  Thus  its  velocity  during  the  operation  of 
stopping  has  been  continually  changing  from  the  high  speed 
of  forty  miles  an  hour  downwards,  and  during  no  two  seconds 
has  it  continued  to  move  at  the  same  rate,  and  yet  we  can 
say  with  propriety  that  at  such  an  instant  the  train  was 
moving  at  the  rate  of  thirty  miles  an  hour.  We  mean,  of 
course,  that  if  the  train  were  to  keep  the  same  velocity  or 
rate  of  motion  it  had  at  the  given  instant,  it  would  in  one 
hour  move  over  thirty  miles.  We  thus  see  that  we  mean  the 
same  velocity  when  we  say  a  body  is  moving  at  the  rate 
of  thirty  miles  an  hour,  or  sixty  miles  in  two  hours,  or 
fifteen  miles  in  half  an  hour,  or  7  J  miles  in  a  quarter  of  an 
hour.  In  fact,  velocity  means  the  whole  space  moved 
over  divided  by  the  time   taken,  or  calling  s  the  space, 

s 
t  the  time,  and  v  the  velocity,  then  v  =  — . 

/ 

Having  already  fixed  upon  the  m^tre  as  our  unit  of  length 
and  the  second  as  our  unit  of  duration,  the  most  convenient 
unit  of  velocity  will  be  the  velocity  of  one  m^tre  in  one 
second.  The  velocity  of  two  metres  in  one  second  will  be 
denoted  on  the  scale  by  2,  that  of  three  metres  in  one  second 
by  3,  and  so  on. 

In  what  immediately  follows  the  student  will  be  required 
first  of  all  to  realize  the  facts  connected  with  terrestrial 
gravity.  He  will  do  this  more  easily  if  the  value  of  this  force 
be  represented  in  metres  rather  than  in  centimetres  per  second, 
for  a  m^tre  is  rather  more  than  a  yard,  and  a  velocity  of  9*8 
metres  per  second  can  be  more  readily  grasped  than  a 
velocity  of  980  centimetres  per  second.  In  the  latter  part  of 
our  work  we  shall  however  introduce  the  centimetre-gramme- 
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second  system  of  units  presuming  that  the  student  will  then 
be  able  to  use  this  system  with  advantage. 

13.  Remarks  on  Unit  of  Mass. — By  its  mass  we  mean  the 
quantity  of  matter  contained  in  a  body.  While  we  confine 
ourselves  to  bodies  of  the  same  kind,  it  is  very  easy  to 
estimate  the  relative  mass,  for  this  will  vary  as  their  volume. 
If,  for  instance,  we  have  a  number  of  similar  cubes  of  iron, 
we  know  at  once  that  the  united  mass  of  two  such  cubes  will 
be  double  that  of  one,  of  three  triple,  and  so  on.  But  how 
are  we  to  determine  the  relative  mass  of  a  cube  of  iron,  and  a 
similar  cube  of  lead  ?  It  may  be  answered — By  their  weight ; 
and,  as  we  shall  afterwards  see,  their  weight  is  doubtless  a 
correct  representation  of  their  mass  ;  but  we  cannot  accept 
weight  as  a  fundamental  method  of  estimating  mass,  for 
weight  is  due  to  the  attraction  of  the  Earth,  and  we  might 
suppose  a  state  of  things  where  there  was  no  large  attracting 
body.  Let  us,  for  instance,  imagine  ourselves  carried  into 
empty  space,  with  nothing  but  a  cube  of  iron,  and  another 
of  lead  ;  then  how  are  we  to  determine  their  relative  masses  ? 
It  is  clear  we  cannot  weigh  them,  for  there  is  no  downwards 
and  upwards  in  such  circumstances,  there  being  no  earth. 

We  reply,  that  iwo  different  substances  are  of  the  same 
muss  when  the  same  force  produces  in  each,  after  it  has  acted 
on  it  for  one  second  of  time,  tlie  same  velocity. 

We  shall  find  that  the  same  force  will  produce  at  the  end 
of  one  second  the  same  velocity,  if  it  be  applied  to  set  in 
motion  loo  cubic  metres  of  iron,  or  69  cubic  metres  of  lead  ; 
there  is,  therefore,  the  same  amount  of  matter  in  69  cubic 
metres  of  lead  as  in  100  cubic  metres  of  iron. 

As  we  shall  afterwards  find  weight  to  be  strictly  propor- 
tional to  mass^  it  is  convenient  to  use  weight  as  a  means  of 
estimating  mass.  We  have  already  defined  our  unit  of  mass 
to  be  the  mass  of  matter  contained  in  one  cubic  centimetre 
of  pure  water  at  the  temperature  of  4°  centigrade.  This 
definition  would,  of  course,  hold  good  if  there  were  no 
gravitation,  in  which  case  the  water  would  have  no  weight. 

14..  Unit  of  Force. — We  are  now  in  a  position  to  define 
our  unit  of  force. 
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Let  this  be  the  force  that  will  impart  to  unit  of  mass  unit 
of  velocity  in  unit  of  time,  or,  in  other  words,  a  force  that,  if 
applied  during  a  second  to  the  mass  of  a  gramme,  will 
produce  in  it  a  velocity  of  one  mfetre  in  a  second. 

It  is  very  easy  to  see  that  if  we  operate  on  two  grammes 
we  shall  require  the  application  of  a  double  force  in  order  to 
produce  our  unit  velocity,  for  we  may  suppose  the  double 
mass  to  be  made  up  of  two  separate  grammes  placed  side 
by  side,  and  one-half  of  the  force  applied  to  each.  It  will 
therefore  take  one  unit  of  force  to  produce  unit  of  velocity 
in  the  one  gramme,  and  another  unit  of  force  to  produce 
the  same  in  the  other,  and  hence  we  must  apply  two  units 
of  force. 

it  is  not,  however,  equally  easy  to  see  that  in  order  to 
produce  double  velocity  in  a  mass,  we  must  have  a  force 
twice  as  large  as  that  which  produces  unit  velocity  in  the 
same  mass  in  the  same  time.  But  the  truth  of  this  statement 
will  afterwards  be  perceived  (Art.  23). 

Lesson  II.— First  Law  of  Motion. 

15.  Having  fixed  upon  our  various  units,  let  us  now  pro- 
ceed to  the  laws  of  motion. 

The  first  law  of  motion  asserts  that  if  a  body  be  at  rest  it 
will  remain  so  unless  acted  on  by  some  external  force,  or  if 
it  be  in  motion  it  will  move  in  a  straight  line,  and  with  a 
uniform  velocity,  unless  acted  on  by  some  external  force. 
This  law  at  first  sight  seems  contrary  to  our  every-day 
experience,  for  it  obviously  implies  that  a  body  once  in 
motion  will  continue  in  motion  for  ever,  unless  acted  upon 
by  some  external  force  ;  now  we  know  that  all  moving  bodies 
on  the  earth's  surface  show  a  tendency  to  stop.  A  little 
reflection,  however,  will  convince  us  that  the  law  is  true 
enough,  but  that  all  bodies  in  motion  on  the  earth's  surface 
are  in  reality  acted  upon  by  external  forces,  and  that  it  is 
impossible  to  exhibit  a  body  not  so  acted  upon.  It  will  be 
found  that  the  more  we  can  reduce  in  amount  the  external 
forces  acting  upon  a  moving  body,  the  longer  will  its  motion 
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continue,  so  that  in  fact  this  law  of  motion  represents  the 
state  of  things  under  an  extreme  condition,  which  can  be 
approached  but  never  reached. 

16.  We  find  that  friction  and  the  resistance  of  the  atmo- 
sphere are  the  two  great  forces  tending  to  stop  all  motion  at 
the  earth's  surface.  To  illustrate  the  former  let  us  make  a 
smooth  stone  slide  along  the  ground  :  it  will  soon  be  brought 
to  rest  through  friction ;  now  take  the  same  stone  to  a  smooth 
sheet  of  ice,  and  it  will  slide  along  it  to  a  much  greater  dis- 
tance because  the  friction  is  less. 

In  order  to  illustrate  the  resistance  of  the  air,  set  a  massive 
metallic  top  in  rapid  rotation  in  the  open  air,  and  it  will  come 
to  rest  in  about  twenty  minutes ;  but  set  the  same  top  in 
motion  in  vacuoy  and  it  will  remain  moving  for  more  than 
an  hour.  The  resistance  of  the  air  acts  very  strongly  upon 
bodies  moving  with  great  velocity ;  were  there  no  air,  the 
range  of  a  cannon-ball  would  be  very  much  increased. 

The  nearest  approach  to  a  perpetual  motion,  such  as  is 
implied  in  the  first  law  of  motion,  is  that  of  the  earth  in  its 
orbit ;  any  resisting  medium,  like  the  air,  would  have  the 
effect  of  ultimately  making  the  earth  approach  the  sun  by  a 
sort  of  spiral  journey,  until  at  last  it  would  be  swallowed  up 
by  our  luminary.  We  have  reason  to  believe  that  there  is 
such  a  medium,  but  its  tenuity  is  so  great,  that  it  would 
need  a  long  series  of  ages  in  order  to  diminish  sensibly  the 
dimensions  of  the  earth's  orbit. 

Thus  we  see  that  the  first  law  of  motion  contemplates  a 
hypothetical  state  of  things  which  does  not  really  exist,  and 
we  shall  see  further  on  that  the  actual  state  of  things  may 
be  represented  by  one  of  the  laws  of  energy,  of  which  the 
first  law  of  motion  forms  an  extreme  case. 

17.  Let  us  now  give  a  few  examples  in  illustration  of 
this  law. 

Example  L — A  man  is  on  horseback,  and  the  horse  starts 
off  suddenly.     In  what  direction  will  the  man  fall  ? 

Answer. — He  will  fall  backwards,  for  in  order  to  cause  him 
to  change  his  previous  state  of  rest,  and  move  along  with 
the  horse,  force  must  be  applied,  by  the  first  law  of  motion. 
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Now,  this  force  can  only  be  applied  at  those  points  at  which 
he  is  in  contact  with  the  horse,  so  that  if  he  be  sitting  loosely 
he  will  fall  backwards. 

Example  II. — A  man  is  on  horseback,  and  the  horse  stops 
suddenly.     In  what  direction  will  the  man  fall  t 

Answer, — This  is  the  opposite  of  Example  I.  The  man 
has  by  the  first  law  of  motion  a  tendency  to  retain  that 
motion  which  he  had  before  the  horse  stopped,  and  this  can 
only  be  changed  by  the  application  of  force.  This  force,  as 
in  the  previous  case,  must  be  applied  at  the  points  where  he 
touches  the  horse ;  if  he  sits  loosely,  he  will  therefore  pre- 
serve his  previous  state  of  motion,  and  be  thrown  forward 
over  the  horse's  head. 

Again,  the  first  law  of  motion  serves  to  explain  the  pheno- 
mena of  rotation.     Thus  if  a  disk  or  top  be  set  in  rapid 
f^  B     rotation,  a  particle  at  the  cir- 

cumference, such  as  A,  is  at 
any  moment  moving  in  the 
direction  of  a  tangent  to  the 
circle  at  that  point ;  that  is 
to  say,  in  the  direction  of  the 
arrow  head,  and  if  left  free 
to  itself  it  would  in  virtue  of 
the  first  law  of  motion,  con- 
^^°*  *•  tinue  to  move  in  this  direction 

A  B  ;  but  it  is  constrained,  by  the  cohesion  of  the  other 
particles  to  which  it  is  attached,  continually  to  vary  its 
direction. 

If,  however,  the  rotation  is  very  rapid,  the  force  of  cohesion 
may  be  insufficient  to  accomplish  this,  and  the  consequence 
will  be  that  the  particles  at  the  circumference  will  leave  the 
system,  and  be  scattered  about.  In  the  case  of  a  sling,  the 
force  which  keeps  the  stone  attached  to  the  sling  is  inten- 
tionally withdrawn  at  the  right  moment,  and  the  consequence 
is  that  the  stone,  in  virtue  of  the  first  law  of  motion,  per- 
severes in  that  path  which  it  was  following  when  the 
central  force  was  withdrawn. 
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Lesson  IIL— Second  Law,  First  Statement  :   Action 
OF  A  Single  Force  on  a  Moving  Body. 

18.  We  now  proceed  to.  the  second  law  of  motion,  which 
may  be  stated  as  follows  :  "If  any  number  of  forces  act 
together  upon  a  moving  body,  each  force  generates  the  same 
velocity  as  it  would  generate  if  it  acted  singly  upon  the  body 
at  rest."  For  the  sake  of  clearness  we  may  divide  this  state- 
ment into  two,  and  consider — 

(i)  The  action  of  a  single  force  on  a  moving  body ; 

(2)  The  action  of  several  forces  together  upon  a  body. 

Let  us  at  present  consider  the  action  of  a  single  force  on  a 
moving  body.  Suppose,  for  instance,  that  in  a  railway 
carriage  which  is  at  rest  I  throw  up  a  ball  with  sufficient 
force  to  make  it  reach  the  roof :  if  I  throw  up  the  ball  with 
the  same  force  when  the  carriage  is  in  motion,  it  will  equally 
reach  the  roof;  or  if  I  throw  the  ball  with  a  force  sufficient 
to  strike  the  side  of  the  carriage  with  a  given  velocity  when 
the  carriage  is  at  rest,  and  if  when  the  carriage  is  in  rapid 
motion  I  throw  the  ball  with  the  same  force,^it  will  strike  the 
side  of  the  carriage  with  the  same  velocity  as  before. 

In  fact,  the  motion  of  the  ball  relative  to  the  carriage 
is  precisely  the  same  in 
both  cases  ;  but,  on  the 
other  hand,  its  motion 
relative  to  the  ground 
is  very  different. 

When    the    carriage 
was    at    rest    the    ball      a     a"^ 
went  from  one  side  a,  ^^°-  3* 

to  another  side,  B,  of  the  carriage,  let  us  say  in  one  second, 
and  this  was  also  its  motion  with  regard  to  the  ground.  But 
in  the  moving  carriage,  while  the  ball  is  on  its  passage  from 
one  side  to  the  other,  the  point  A  from  which  it  started  has  in 
reality  travelled  over  the  distance  AA',  so  that  when  the  ball 
arrives  at  the  opposite  side  this  has  obtained  the  position  b'  ; 
thus  the  ball  has,  in  reality,  so  far  as  the  ground  is  concerned, 
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travelled  from  A  to  B'.  It  has  in  fact  travelled  over  the 
diagonal  of  a  parallelogram  of  which  one  side  represents  the 
motion  of  the  ball  by  itself,  and  the  other  the  motion  of  the 
carriage  by  itself. 

In  like  manner  we  know  very  well  that  the  motion  of  the 
earth  in  its  orbit  or  on  its  axis  does  not  interfere  with  the 
action  of  forces  tending  to  produce  motion  at  its  surface. 
Thus  at  the  pole  there  is  no  motion  of  rotation,  while  at  the 
equator  there  is  a  motion  nearly  equal  to  a  mile  in  three 
seconds,  and  yet  the  same  force  will  produce  the  same  motion 
at  the  pole  and  at  the  equator.  If  I  leap  vertically  upwards 
at  the  pole,  I  alight  upon  the  place  from  which  I  sprang,  and 
if  I  do  the  same  thing  at  the  equator  the  same  result  will 
follow.  While  I  am  in  the  air  I  am  separated  from  the  solid 
earth ;  nevertheless  this  does  not,  in  virtue  of  its  rotation, 
move  from  under  me  at  the  equator  at  the  rate  of  a  mile  in 
three  seconds,  but,  in  virtue  of  the  first  law  of  motion,  I 
retain  when  in  the  air  the  same  motion  of  rotation  of  the 
earth  in  which  I  participated  when  I  was  on  its  surface,  so 
that  I  am  still  carried  along  with  the  earth  ;  and,  in  virtue 
of  the  second  law  of  motion,  my  leap  will  be  precisely  the 
same  as  if  the  earth  were  at  rest,  or  as  if  I  had  performed  it 
at  the  pole. 

Before  proceeding  further  with  the  second  law  of  motion, 
let  us  answer  the  following  questions. 

Question  I. — A  balloon  at  the  height  of  two  miles  above 
the  earth's  surface  is  totally  immersed  in,  and  carried 
along  with,  a  current  of  air,  moving  at  the  rate  of  sixty 
miles  an  hour.  A  feather  is  dropped  over  the  edge  of  the 
car  :  will  it  be  blown  away  }  or  will  it  appear  to  drop  vertically 
down? 

Answer. — It  will  appear  to  drop  vertically  down  as  if  in  a 
dead  calm  ;  for  since  the  balloon  and  all  that  it  contains, 
including  the  feather,  is  moving  along  with  the  surrounding 
air,  the  feather  after  leaving  the  balloon  will  equally  par- 
ticipate in  that  motion ;  it  will,  therefore,  drop  calmly  and 
slowly  down,  as  if  it  were  dropped  in  a  room.  In  fact,  the 
motion  of  the  balloon  and  air  will  have  no  more  effect  upon 
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the  fall  of  the  feather,  than  the  motion  of  the  earth  in  its 
orbit  has  upon  it.  But  while  the  fall  of  the  feather  is 
vertically  downwards  as  far  as  the  balloon  is  concerned,  it  is 
not  vertical  as  regards  the  earth. 

Question  II. — A  ship  is  in  rapid  motion,  and  a  stone  is 
dropped  from  the  top  of  the  mast :  where  will  it  fall } 

Answer. — At  the  bottom  of  the  mast.  For  the  stone, 
during  its  passage  from  the  top  of  the  mast,  retains,  in  virtue 
of  the  first  law  of  motion,  the  velocity  which  it  possessed  as 
part  of  the  vessel ;  and,  by  the  second  law  of  motion,  gravity 
will  act  on  the  moving  system,  including  the  ship  and  stone, 
just  as  if  they  were  at  rest.  The  motion  of  the  stone  there- 
fore, as  regards  this  system,  will  be  the  same  whether  the 
system  is  in  motion  or  at  rest — in  both  cases  it  will  fall  at 
tlxe  bottom  of  the  mast. 

19.  We  have  hitherto  considered  the  case  in  which  the 
motion  of  the '  body  is  in  one  direction,  and  a  force  is  im- 
pressed upon  it  in  another  at  right  angles  to  the  motion ; 
let  us  now  consider  the  case  where  both  are  in  the  same 
direction. 

Suppose,  as  before,  that  a  railway  carriage  is  in  rapid 
motion,  and  that  in  the  carriage  I  throw  a  ball  forward  in 
the  direction  in  which  the  train  is  moving.  If  this  ball  be 
impelled  with  the  same  force,  it  will  strike  the  carriage  with 
the  same  blow  whether  this  be  at  rest  or  in  motion  ;  while, 
however,  the  motion  of  the  ball  as  regards  the  carriage 
will  be  the  same  in  both  cases,  its  motion  as  regards  the 
earth  will  be  very  different.  If,  when  the  carriage  is  at  rest, 
I  g^ve  an  impulse  to  the  ball  that  will  make  it  move  at  the 
rate  of  a  mile  a  minute,  this  will  also  represent  its  velocity 
relative  to  the  earth ;  but  if  the  carriage  is  also  moving  at 
the  rate  of  a  mile  a  minute,  then  the  total  velocity  of  the 
ball,  with  regard  to  the  earth,  will  be  the  sum  of  the  united 
velocities  of  the  carriage  and  the  ball, — that  is  to  say,  two 
miles  in  one  minute. 

Let  us  now  take  an  example  of  motion  in  a  vertical 
direction.  Suppose,  for  instance,  we  have  a  movable 
chamber,  made  by  machinery  to  descend  the  vertical  shaft 
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of  a  mine,  with  the  uniform  velocity  of  9*8  metres  per  second, 
and  suppose  the  height  of  this  chamber  to  be  4'9  metres. 
Were  the  chamber  at  rest,  a  ball  dropped  from  the  top  of  it 
would  reach  the  bottom,  through  the  influence  of  gravity, 
in  exactly  one  second  (Art.  21),  and  we  shall  find  that 
the  time  of  descent  of  the  ball  from  the  top  of  the 
chamber  to  the  bottom  will  not  be  altered  if  we  drop  it 
when  the  carriage  is  moving  downwards  with  the  uniform 
velocity  of  9*8  metres  in  a  second.  In  this  case,  as  well  as 
when  the  carriage  was  at  rest,  the  ball  will  reach  the  bottom 
exactly  one  second  after  it  has  been  dropped  from  the  top 
and  it  will  also  strike  against  the  floor  with  the  same  velocity 
in  both  cases. 

ao.  Velocity  under  OraTlty. — We  are  thus  prepared  to 
acknowledge  that  the  effect  .of  gravity  in  increasing  the 
velocity  of  a  falling  body  will  be  the  same  in  the  same  time 
whether  that  body  is  merely  beginning  to  fsdl,  or  is  already 
moving  downwards  with  considerable  velocity.  Thus,  if  a 
stone  be  dropped  from  the  top  of  a  cliff,  we  know  by  ex- 
periment that  after  it  has  fallen  for  one  second  it  will  have 
acquired  the  velocity  of  9*8  metres  per  second.  It  conmiences 
with  this  velocity  the  next  second  of  its  descent ;  and  during 
this  second,  gravity,  acting  in  the  same  manner  as  before, 
will  continue  to  impress  upon  it  an  additional  velocity  of  9*8 
mtoes  per  second,  so  that  at  the  end  of  this  second  its  whole 
velocity  will  be  19*6  metres  per  second.  In  like  manner  at 
the  end  of  the  third  second  its  velocity  will  be  29*4  metres 
per  second,  so  that  we  may  express  the  relation  between  the 
time  of  descent  and  the  velocity  of  a  body  falling  from  rest 
under  the  force  of  gravity  in  the  following  simple  manner. 
Let  /  denote  the  time  in  seconds  since  the  body  began  to  fall, 
and  V  the  velocity  at  the  end  of  /  seconds  (unit  of  velocity 
being  regarded  as  the  velocity  of  one  mtoe  in  a  second)  then 
V  =  9*8/. 

Thus,  let  /  =  0*25  seconds,  then  «/  =  9*8  X  0*25  =  2*45  ; 
let  /  =  5*5  seconds,  then  z/  =  9*8  X  5*5  =  53*9,  and 
so  on. 

ai.  Space  passed  over  under  OraTlty. — Having  arrived 
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so  far,  let  us  now  trace  the  relation  between  the  time 
occupied  in  descending  and  the  space  passed  over  in  the 
case  of  a  body  falling  from  rest  under  the  action  of  gravity. 

We  have  said  that,  at  the  end  of  the  first  second  the  body 
has  attained  the  velocity  of  9*8  metres  per  second,  which 
means  that  if  we  could  imagine  gravity  and  every  external 
force  to  cease  at  this  instant,  the  body  would  continue,  in 
virtue  of  the  first  law  of  motion,  to  move  for  ever,  with  the 
uniform  velocity  of  9*8  metres  per  second.  But  although  it 
had  this  velocity  at  the  end  of  the  first  second,  it  did  not 
always  possess  it;  for  by  the  above  formula  (Art.  20),  its 
velocity  at  the  end  of  half  a  second  was  only  4*9  metres  per 
second,  while  at  the  end  of  the  first  quarter  of  a  second  it 
was  2*45  metres,  and  so  on. 

In  fact,  its  average  or  mean  velocity  during  the  first  second 
was  only  4*9  metres,  which  will  also  represent  the  space  passed 
over  during  this  time.  This  will  be  apparent  if  we  use  a 
graphical  method  of  considering  the  subject. 

First,  let  a  body  be  in  motion  with  a  uniform  velocity, 
which  we  may  represent  by  AC,  and  let  ab  denote  the 
time^  during  which  the  body  is  in  motion. 

Now,  it  will  be  remembered  (Art.  12)  that  if  «/  be  the 
velocity,  s  the   space   and  t  the   time,  we  found  v  =— , 

and  hence  s  —vty  or  the  space  passed  over,  is  the  product 
of  the  velocity  and  of  the  time.     Hence  in  the  annexed 
diagram,  if  the  line  AC  denote  the  velo- 
city, and  AB  the  time,  the  area  abdc  will 
represent  the  space  passed  over. 

Next,  let  the  velocity  change,  as  in  the 
case  of  a  falling  body.  For  the  sake 
of  demonstration  let  us  suppose  that 
this  change  is  by  fits  and  starts  at  small 
intervals,  while  during  each  of  these 
intervals  the  velocity  remains  constant. 

Suppose,  for    instance,  that    ab    (Fig.   5)    denotes    one 

1  It  is  obvious  that  anything  which  is  capable  of  being  expressed  by  units  can 
also  be  represented  by  lines.  Thus  if  a  line  one  inch  long  represents  one  second, 
a  line  of  two  inches  will  represent  two  seconds,  and  so  on. 
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second  of  time,  and  BC  the  velocity  of  9*8  metres, 
which  a  falling  body  has  acquired  at  the  end  of  that 
time,  and  let  us  divide  the  whole  time  into  ten  equal 
parts — 

At  the  end  of  ^f^  second  the  velocity  will  be  0*98 
»>         »         ITJ  w  »»  »»         ^  9^ 

»  »  TO  >»  >♦  w  2*94 


i8(=i)  „ 


9-8 


Suppose  now  that  the  body  retains  its  motionless  state  until 
the  end  of  the  first  tenth  of  a  second,  when  it  suddenly 
assumes  the  velocity  0*98,  and  retains  this  until  the  end 
of  the  second  tenth,  when  it  suddenly  assumes  the  velocity 
of  1*96,  and  so  on. 

Bearing  in  mind  that  the  space  passed  over  is  the  product 
of  the  velocity  and  of  the  time,  we  shall  have — 
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4-410 


That  is  to  say,  the  whole  space  passed  over,  or  4*410,  will  in 
this  case  be  represented  by  the  united  area  of  the  tuner  series 
of  steps  in  Fig.  5,  below  the  dotted  line  AC. 

On  the  whole,  this  will  be  less  than  the  real  result,  since 
during  each  tenth  of  a  second  we  have  supposed  the  body 
to  retain  the  velocity  it  had  at  the  beginning  of  the  time. 


LAWS  OF  MOTION. 


21 


Suppose  now  we  assume  that  during  each  tenth  of  a 
second  the  body  moves  with  the  velocity  it  had  at  the  end 
of  that  interval,  then  the  space  passed  over  will  be  as 
follows — 
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That  is  to  say,  the  whole  space  passed  over  will  now  be 
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Fig.  5. 

represented  by  the  united  area  of  the  outer  series  of  steps  in 
Fig.  5. 

It  will  readily  be  seen  that  this  arrangement  gives  us  a 
result  as  much  above  the  truth  as  the  other  is  below  it,  and 
that  the  mean  of  the  two,  or  4-'4'o  +  5  39o  ^  ^.^  ^ju  \^ 

the  true  result. 
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The  student  need  hardly  be  reminded  that  as  a  matter  of 
fact  gravity  acts  continuously,  and  not  by  fits  and  starts. 

Indeed  we  see  from  the  figure  that  if  we  had  sub-divided 
the  second  into  a  very  great  number  of  parts  instead  of  into 
ten,  the  two  results,  of  which  one  is  above  and  the  other 
below  the  truth,  would  differ  from  one  another  and  from 
the  truth  only  by  an  exceedingly  small  quantity,  and  in  fact 
that  the  area  of  the  triangle  ABC  represents  graphically  the 
space  moved  over  by  a  falling  body  under  gravity  during 
the  first  second ;  and  generally  if  ab  represent  the  whole  time 
of  fall,  and  BC  the  velocity  at  the  end  of  the  time,  then 

AB  y  BC 

— — will  represent  the  space  passed  over. 

Thus,  in  the  present  instance — 
AB  =  I  (second) 
BC  =  9*8  (metres  per  second), 
hence  area  =  -^-i2<-5S  =  ? A9l8  =,    . 

2  2  ^' 

which  we  have  seen  is  the  space  moved  over  during  the  first 
second. 

The  space  which  the  body  will  pass  over  during  the  next 
second  is  easily  found,  for  the  body  will  commence  with  the 
velocity  of  9*8  metres,  and  end  with  that  of  19*6  mtoes 
per  second,  having  during  the  interval  a  mean  velocity  of 

? — tl?--  =  147  metres  per  second  ;   this,  therefore,  is  the 

space  which  it  will  describe.  Thus  during  the  first  second  it 
described  4*9  metres,  and  during  the  next  second  147  metres  : 
in  all,  at  the  end  of  the  second-,  second,  it  will  have  fallen 
4*9  +  147  =  19*6  metres.  It  may  be  shown  in  like  manner 
that  at  the  end  of  the  third  second  it  will  have  fallen  44*1 
metres  from  its  point  of  rest.  If  we  refer  to  the  graphical 
representation,  the  rule  connecting  space  and  time  becomes 
obvious ;  for  in  Fig.  5,  if  the  base  ab  be  taken  to  represent 
the  whole  time  t  from  the  commencement  of  the  fall  in 
seconds,  and  the  vertical  height  BC  the  velocity  v,  at  the  end 
of  this  time,  then  the  area  of  the  triangle  (=  i  «//)  will,  as 
we  have  seen,  represent  the  whole  space  passed  over.     But 
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2/  =  9*8  /  (Art.  20) ;  hence,  substituting  this  value  for  v  in  the 

above  expression,  we  have  j,  or  whole  space  passed  over 

=  iz,/=iX  (9-8/)/ =  4-9 /a. 

Hence  if  /  ==  i  (second)  s  (space  passed  over)  ^    4*9  mtoes 

/  =  2        „      J  „  =  19*6      j, 

t-=l       ,,      s  „  =44'l      ,, 

/  =  4        „       -y  ,,  ^78-4     „ 

and  so  on. 

This  proof  may  be  illustrated  in  the  following  manner. 
Let  us  suppose  that  the  movable  chamber  of  Art.  19,  being 
4*9  metres  in  height,  contains  within  it  a  man,  who  holds  a 
stone  loosely  in  his  hand  at  the  level  of  the  inside  roof  of  the 
chamber.  Now  let  the  whole  arrangement  be  allowed  to  fall 
freely  down  the  shaft  of  a  mine  under  the  influence  of  gravity, 
and  at  the  moment  when  the  fall  begins,  suppose  that  the 
man  lets  the  stone  go.  Where  will  the  stone  be  at  the  end 
of  the  first  second  ?  A  little  reflection  will  convince  us  that, 
although  free,  the  stone  will  be  at  the  top  of  the  carriage, 
for  the  whole  arrangement  is  falling  as  fast  as  it  can,  and 
there  is  therefore  no  reason  why  the  stone  should  gain  upon 
the  other  parts. 

At  the  end  of  one  second,  therefore,  the  top  of  the  carriage 
will  have  fallen  through  4*9  metres,  and  the  stone  will  still  be 
at  the  top. 

Now  let  us  imagine  that  at  the  end  of  the  first  second 
external  friction  is  made  to  operate  on  the  carriage  sufficiently 
to  stop  the  tendency  of  gravity  to  increase  the  speed.  It  will 
thus  cancel,  as  it  were,  the  further  effect  of  gravity  upon  the 
carriage,  leaving  it  to  continue  its  descent  as  if  there  were  no 
gravity,  in  which  case  it  will,  in  accordance  with  the  first 
law  of  motion,  continue  to  move  with  the  velocity  it  has 
already  attained,  that  is  to  say,  with  the  velocity  of  9*8  metres 
a  second.  During  the  second  second,  the  top  of  the  carriage 
will  therefore  have  fallen  through  9*8  metres.  Altogether 
therefore,  in  the  two  seconds  it  will  have  fallen  through 
4*9  +  9*8  =  147  metres.  But  in  the  meantime  what  will 
have  happened  to  the  stone.-*  Inasmuch  as  the  stone  was 
free  within  the  carriage,  it  would  not  be  acted  upon  by  the 
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friction  arrangement  from  without,  and  would  therefore, 
according  to  the  second  law  of  motion,  obey  gravity  in  the 
moving  carriage,  just  as  truly  as  if  the  carriage  were  at  rest. 
During  the  second  second,  the  stone  will  therefore  have 
fallen,  as  regards  the  carriage,  through  4*9  metres,  that  is  to 
say  from  the  top  to  the  bottom,  and  it  will  strike  the  bottom 
precisely  at  the  end  of  the  second  second. 

We  thus  perceive,  that  while  the  carriage  has  fallen  through 
147  metres,  the  stone,  which  has  all  the  time  been  perfectly 
free,  has  fallen  in  addition  through  4*9  metres,  this  being 
the  distance  from  the  top  to  the  bottom  of  the  carriage 
The  stone  has  therefore  fallen  in  two  seconds  through 
147  +  4*9  =  19*6  metres,  while  in  one  second  it  only  fell 
through  4*9  metres. 

We  thus  realize  how  the  distance  fallen  through  varies  as 
the  square  of  the  time. 

22.  Oblique  Motion  under  GraTity. — We  may  now  easily 
«,  pass  to  the  case  of  oblique 

motion  under  gravity. 
Suppose,  for  instance,  a 
projectile,  such  as  a  bomb- 
shell, to  be  fired  off  at 
A  with  a  velocity  which 
would  bring  it,  were 
there  no  gravity,  to  a'  at 
the  end  of  the  first  second, 
to  a"  at  the  end  of  the 
second  second,  to  a"'  at 
the  end  of  the  third 
second,  and  so  on,  de- 
scribing equal  spaces  in 
equal  times  by  the  first 
law  of  motion.  What 
will  be  its  actual  path 
under  the  action  of  gravity  ?  Were  the  shell  at  rest,  gravity 
would  cause  it  to  be  at  the  end  of  the  first  second  4*9  metres 
below  the  place  it  would  have  occupied  had  there  been  no 
gravity,  and  the  same  will  happen  whatever  be  its  velocity. 


Fig.  6. 
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Now,  at  the  end  of  the  first  second  it  would  have  been  at  A' 
had  there  been  no  gravity,  and  hence  its  real  position  at  that 
time  will  be  at  b',  4*9  metres  below  a',  in  like  manner  at 
the  end  of  the  second  second  it  would  have  been  at  a"  had 
there  been  no  gravity,  and  hence  its  true  position  will  be  at 
B",  1 9*6  metres  below  a".  Also  at  the  end  of  the  third  second 
it  would  be  at  a!"  without  gravity,  and  thence  it  will  be  at 
B'",  44*1  metres  below  a'",  through  the  action  of  gravity. 
The  true  path  of  the  projectile  will  therefore  be  a  curve, 
bending  further  and  further  from  the  original  line  of  impulse, 
such  as  we  have  shown  in  the  above  figure ;  and  finally 
the  projectile  will  reach  the  ground  again  at  c.  The  curve 
ABC,  denoting  the  path  of  a  projectile,  may  be  shown  to  be 
a  parabola. 


Lesson  IV. — Second  Law  Continued  :  Action  of  two 
OR  MORE  Forces. 

We  have  hitherto  supposed  only  one  force  to  act,  and 
have  found  that  its  action  is  unaffected  by  the  state  of  rest 
or  motion  of  the  body  to  which  it  is  applied,  and  it  is  very 
easy  to  step  from  this  to  the  case  where  two  or  more  forces 
act  at  the  same  moment  on  a  body. 

23.  Two  or  more  Forces  in  the  same  Direction. — Let  us, 
in  the  first  place  suppose  that  the  forces  act  in  the  same 
direction.  For  instance,  imagine  a  piece  of  iron  to  fall  by 
the  action  of  gravity ;  at  the  end  of  one  second  it  will  have 
the  velocity  of  9*8  metres.  Suppose,  now,  that  at  the  same 
moment  at  which  gravity  began  to  act  upon  it,  and  to  cause 
it  to  fall,  it  was  acted  upon  by  a  magnet  so  placed  as  to  give 
it  in  one  second  a  downward  velocity  of  9*8  metres.  Then, 
owing  to  the  joint  effect  of  gravity  and  of  the  magnet,  it  will 
at  the  end  of  one  second,  according  to  this  law  of  motion, 
have  acquired  the  velocity  of  9*8  +  9*8  =  I9'6  mtees  per 
second,  and  have  passed  over  the  space  of  9*8  metres  instead 
of  4*9  metres,  which  it  would  have  passed  over  through 
gravity  alone. 
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Hence  we  are  able  to  extend  our  definition  of  force  (Art.  14). 
We  thus  see  that  if  a  double  force  be  applied  to  the  same 
body,  it  will  produce  a  double  velocity  in  unit  of  time,  a 
triple  force,  a  triple  velocity,  and  so  on  ;  in  fact  a  force  may 
be  measured  by  the  velocity  which  it  generates  when  applied 
for  one  second  to  a  given  body.  Thus,  suppose  our  unit  of 
force  is  that  which  when  applied  to  unit  of  mass  produces 
unit  of  velocity  in  unit  of  time,  then  a  force  represented  by  two 
will  produce  in  the  same  mass  a  velocity  equal  to  two  in  unit 
of  time,  and  so  on.  So  that  in  fact,  regarding  both  mass  and 
velocity,  we  see  that  the  magnitude  of  a  force  is  represented 
by  the  product  of  the  mass  into  the  velocity  produced  in  it 
by  the  action  of  the  force  in  unit  of  time.  Suppose,  for  in- 
stance, that  a  force,  acting  during  one  second,  produced  in 
mass  3,  a  velocity  6,  then  it  would  be  equal  to  3  X  6,  or  18, 
and  so  on.  The  product  of  the  mass  into  the  velocity  is 
called  the  momentum,  so  that  a  force  is  represented  by  the 
momentum  generated  by  it  in  unit  of  time. 

Let  us  now  pass  to  the  case  where  two  forces  act  simul- 
taneously on  the  same  body,  but  not  in  the  same  direction. 
24'.  Forces  in  Different  Directions. — Thus,  let  a  force  act 
on  a  substance  at  A  which  if  acting  by 
itself  would  bring  it  to  B  in  unit  of  time, 
and  let  another  force  act  upon  the  same 
substance  which  if  acting  by  itself  would 
bring  it  to  D  in  unit  of  time,  where  will  the 
substance  be  at  the  end  of  one  second  if 
these  two  forces  act  simultaneously  upon 
it  .-^  In  reply,  we  may  conceive  (for  the 
sake  of  illustration)  that  A  D  represents  a 
horizontal  platform  that  is  allowed  to  drop 
over  a  precipice,  its  frame  and  all  that  it 
contains  moving  downwards  in  virtue  of 
the  law  of  gravity.  Now,  a  substance  is 
resting  on  the  top  of  the  platform  at  A,  but  in  virtue  of  the 
action  of  gravity  the  point  A  will  be  found  at  B  at  the  end  of 
one  second,  the  platform  having  in  this  time  descended  a 
space  equal  to  4*9  metres.      But  at  the  moment  when  the 


Fig.  7. 
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descent  commences,  let  us  suppose  that  the  body  at  A,  being 
made  of  iron,  is  subjected  to  the  attraction  of  a  magnet  that 
would  bring  it  to  D,  the  other  side  of  the  platform,  m  one 
second  of  time.  This  magnet  will  act  in  the  same  manner 
while  the  platform  falls  under  the  influence  of  gravity,  so 
that  at  the  end  of  one  second,  owing  to  the  joint  operation 
of  the  two  forces,  the  body  will  be  found  at  c  :  in  other 
words,  the  substance  will  actually  have  travelled  the  space 
from  A  to  C. 

25.  Parallelogram  of  Forces. — We  thus  perceive  that 
the  two  forces  act  independently  of  each  other,  and  we  see 
generally  how  two  or  more  simultaneous  forces  can  be 
compounded  together;  but  in  the  first  place  let  us  say  a 
few  words  about  the  method  of  representing  forces  by 
straight  lines. 

Suppose,  for  instance,  that  a  force  is  applied  to  a  body  at 
A  (Fig.  8),  tending  to  cause  motion  in  the  direction  AB,  and 
suppose  that  the  line  A  B  has      «««.^_^__^__ 
as  many  units  of  length  as  ® 

the  force  has  units  of  force 

(see  definitions,  Arts.  8  and  14) ;  then  A  b  is  a  correct 
representation  of  the  force  in  question  :  for,  in  the  first  place, 
it  starts  from  the  point  of  application  of  the  force,  or  A  ; 
secondly,  it  lies  in  the  direction  of  motion,  or  A  B  ;  thirdly, 
its  magnitude  is  proportional  to  that  of  the  force. 

Referring  now  to  Fig.  7,  let  A  B  denote  in  magnitude  and 
direction  one  of  two  forces  acting  together  on  the  body 
at  A,  and  let  A  D  represent  the  other  ;  it  is  clear,  from  the 
example  just  given  in  Art.  24,  that  a  c  will  represent  in  mag- 
nitude and  direction  the  resultant  force  due  to  the  joint 
operation  of  a  B  and  A  D.  This  proposition  is  known  as  the 
parallelogram  of  forces,  and  may  be  stated  as  follows : — 
"  If  two  forces  acting  simultaneously  on  a  particle  be  re- 
presented in  magnitude  and  line  of  action  by  two  lines 
drawn  from  that  particle,  and  if  these  lines  be  made 
the  sides  of  a  parallelogram,  then  shall  the  diagonal  of  this 
parallelogram  represent  in  magnitude  and  direction  the 
single  force  which  produces  the  effect  of  the  two  simul- 
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taneous  forces.     This  single  force  is  termed  the  resultant  of 
the  two  component  forces. 

26.  Recapitulation.— We  have  thus  seen  that  a  force  acts 
in  the  same  manner  upon  a  body  in  motion  as  if  it  were  at 
rest ;  and  secondly,  that  if  two  simultaneous  forces  act  upon 
a  body,  each  acts  independently  of  the  other,  so  that  to  find 
the  place  of  the  body  at  the  end  of  the  first  second  under 
the  joint  action  of  two  forces,  A  B  and  A  D,  you  may  suppose 
first  of  all,  A  B  to  act  alone  to  the  exclusion  of  A  D,  and  having 
found  the  place  of  the  body  at  the  end  of  the  first  second 
due  to  A  B,  then  suppose  the  second  force  A  D  to  act,  and  thus 
find  the  true  place  of  the  body. 

27.  Pressures. — In  all  this  we  have  supposed  each  force 
to  be  free  to  produce  its  own  motion,  but  "forces  do  not 
always  cause  motion. 

Thus,  for  instance,  a  piece  of  steel  may  be  held  by  a 
magnet  in  defiance  of  the  attraction  of  gravitation  ;  or  we 
may  take  the  familiar  case  of  a  heavy  body  resting  upon  the 
floor.  Such  a  body  is  not  free  to  obey  the  attraction  of 
gravitation,  and,  indeed,  reflection  will  convince  us  that  in 
the  great  majority  of  instances  the  bodies  which  we  see 
around  us  are  not  in  motion  through  the  force  of  gravity. 

But  what  really  happens  when  a  heavy  body  rests  upon  the 
floor  1  Striving  to  obey  the  force  of  gravitation,  it  presses 
together  the  particles  of  the  floor  until  the  resistance  of  these 
particles  to  further  compression  exactly  counterbalances  the 
force  of  gravity  acting  on  the  body  ;  and  we  say,  in  common 
language,  that  the  weight  of  the  body  is  supported  by  the 
floor.  Thus,  when  the  force  of  gravity  does  not  produce  its 
full  motion,  it  causes  pressure,  which  is  measured  by  the 
resistance  or  opposing  force,  which  either  altogether  stops 
or  modifies  the  motion. 

A  few  illustrations  will  make  this  part  of  our  subject  clear. 

Question  I. — A  man  in  a  carriage  supports  a  half-hundred 
weight  in  his  hand.  The  carriage  and  all  that  it  contains 
are  now  in  the  act  of  falling  over  a  precipice — will  he  still 
continue  to  feel  the  strain  of  the  weight  upon  his  arm  ? 

Answer. — He  will  not.     When  the  carriage  was  on  solid 


LESS.  IV.  LAWS  OF  MOTION.  29 

ground,  the  tendency  of  this  weight  to  approach  the  centre 
of  the  earth  was  resisted  by  his  hand,  and  consequently  he 
felt  its  pressure  ;  but  as  the  whole  system  is  now  approach- 
ing the  centre  of  the  earth  with  the  full  velocity  due  to 
gravity,  this  resistance  is  no  longer  exercised,  and  the  pres- 
sure no  longer  felt.  In  like  manner  a  stone  at  the  top  of  a 
carriage  descending  in  this  way  will  not,  if  free  to  fall,  reach 
the  floor;  but  the  whole  system  will  fall  together  without 
relative  displacement  of  its  various  parts.  The  student 
will  note  the  difference  between  this  example  and  that  in 
Article  19. 

Question  11. — A  weight  equal  to  100  kilogrammes  rests 
upon  a  support,  the  weight  of  which  support  may  be  neg- 
lected. This  support  is  not  altogether  prevented  from  falling, 
but,  in  virtue  of  the  machinery  with  which  it  is  connected, 
is  is  only  allowed  to  acquire  a  velocity  of  4*90  metres  in  one 
second.    What  will  be  the  pressure  upon  the  support  ? 

Answer, — The  force  being  measured  as  before  by  the 
velocity  which  it  produces  in  a  second,  we  find  that  the 
weight  has  really  descended  in  virtue  of  the  action  of  a 
force  only  half  that  of  gravity,  since  gravity  would  have 
g^ven  it  the  velocity  of  9*8.  An  upward  tending  force 
equal  to  half  that  of  gravity  must  therefore  have  been 
applied  to  the  system.  Now,  as  the  whole  force  of  gravity 
is  represented  by  the  weight  of  the  body,  the  upward  tending 
force  or  resistance  will  be  represented  by  half  the  weight  of 
the  body,  or  by  50  kilogrammes ;  and  this  will  be  the  measure 
of  the  pressure  on  the  support.  In  like  manner  if  the  frame 
were  so  connected  with  machinery  that  it  was  only  allowed 
to  fall  so  as  to  reach  a  velocity  of  1*225  metres  at  the  end  of 
the  first  second,  then  evidently  we  have  an  upward  force 
tending  to  produce  a  velocity  against  gravity  equal  to  9*8 — 

1*225,  or  8*575  metres  per  second,  and  hence  -^-y  or  |,  will 

be  the  proportion  of  the  whole  weight  of  the  body  borne 
by  the  frame,  and  the  pressure  upon  it  will  therefore  be 
100  X  I  =  87*5  kilogrammes. 

Thus  we  see  that  the  tendency  of  a  force  such  as  gravity 
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acting  upon  a  body  is  to  produce  motion  in  that  body ;  but 
when  that  tendency  is  altogether  resisted  by  another  op- 
posing force,  we  have  the  statical  case  of  two  forces  which 
are  in  equilibrium  with  one  another.  In  like  manner,  too, 
just  as  we  have  the  dynamical  way  of  viewing  the  action  of 
two  forces  acting  simultaneously  upon  a  body  in  different 
directions  (Art.  25),  so  we  have  also  a  statical  solution  of 
the  same  problem.  This  will  form  the  subject  of  our  next 
lesson. 


Lesson  v.— Forces  statically  considered. 

88.  We  have  said  that  the  parallelogram  of  forces  forms 
a  proposition  in  statics.  In  this  proposition  it  is  asserted  that 
when  two  forces,  acting  upon  a  body  at 
a  point,  are  represented  in  magnitude 
and  direction  by  the  sides  of  a  parallelo- 
gram drawn  from  that  point,  the  diagonal 
shall  represent  the  resultant  of  these  two 
forces,  so  that  the  two  forces  will  be 
capable  of  being  balanced  by  a  third 
force  exactly  equal  and  opposite  to  this 
diagonal,  and  applied  to  the  same  point. 
Thus,  suppose  we  have  at  the  point  A 
two  forces,  A  B  =  6  and  A  c  =  8,  acting 
at  right  angles  to  one  another.  Com- 
plete the  rectangle  A  B  c  D  ;  then  we  know 
from  the  principles  of  geometry  that 
the  diagonal  A  D  of  this  rectangle  will  have  the  value  10. 
(The  figure  is  drawn  so  that  A  D  is  vertical.)  This,  then,  will 
(if  the  parallelogram  of  forces  be  true)  represent  the  joint 
action  of  the  two  forces  A  B  and  A  c,  and  hence  these  two 
forces  will  be  capable  of  being  balanced  by  a  third  vertical 
force  A  D',  exactly  equal  and  opposite  to  A  D. 

29.  The  truth  of  this  statement  may  be  proved  by  a  very 
simple  experiment.  Suppose  that  we  have  three  separate 
strings  tied  together  to  a  ring  at  the  point  A,  this  ring 
being  meanwhile  fastened  by  a  peg.    iet  there  likewise  be 
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two  single  pulleys  which  are  capable  of  being  fixed  to  any 
portion  of  the  rim  of  the  vertical  circle.  The  object  of 
these  pulleys  is  merely  to  change  the  direction  of  the 
force,  so  that,  as  in  Figure  10,  we  have  on  the  right  hand 
a  weight  of  6  kilo- 
grammes depending  over 
the  pulley  B,  and  by 
means  of  the  thread 
passing  over  this  pulley, 
exercising  a  pressure  of 
6  kilogrammes,  acting 
upon  the  point  A,  in  the 
direction  A  B.  In  like 
manner,  by  means  of  the 
pulJey  C,  and  the  thread 
which  passes  over  it,  we 
have  a  pressure  of  8 
kilogrammes  acting  upon 
the  point  A  in  the  direc- 
tion A  c,  and  finally  we 
have  a  third  force,  equal 
to  10  kilogrammes,  act- 
ing downwards  from  A 
in  the  direction  A  d'. 

We  have  thus,  by 
means  of  this  arrange- 
ment, produced  a  system 
of  three  forces  acting 
upon  A,  representing  in 
magnitude  the  three 
forces  A  B,  A  c,  A  D',  in 

Figure  9 ;  now  if  we  have  so  adjusted  the  positions  of  c  and 
B  that  when  the  peg  at  A  is  pulled  out  the  whole  system 
remains  where  it  was  then  clearly  there  will  be  equilibrium. 
Under  these  circumstances  it  will  be  found  that  the  lines  in 
Figure  10  will  be  parallel  to  those  in  Figure  9,  in  which  case 
the  forces  which  balance  in  Figure  10  will  be  represented 
both  in  magnitude  and  direction  by  the  lines  of  Figure  9, 


Fig. 
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and  these  lines  will  thus  form  an  accurate  representation  of 
the  three  balancing  forces.  In  other  words  two  forces  acting 
at  A,  represented  by  A  c  and  A  B  of  Figure  9,  will  be  balanced 
by  a  third  force,  represented  by  A  d'.  But  A  d'  is  equal  and 
opposite  to  A  D,  which  is  the  diagonal  of  a  parallelogram  of 
which  A  c,  A  B  are  the  two  sides.  The  parallelogram  of 
forces,  therefore,  holds  true  as  a  proposition  in  statics. 

30.  Continuing  the  consideration  of  forces  from  a  statical 
point  of  view,  we  come  to  the  question  of  parallel  forces. 

For  instance,  let  A  denote  a  fulcrum,  about  which  a  rod, 
BC,  without  weight,  is  free  to  move,  and  let  there  be  two 
weights,  P  and  Q,  applied  at  B  and  c.  We  have  thus  two 
downward  forces,  P  and  Q,  acting  at  B  and  C,  and  an  upward 
force  R,  acting  at  the  fulcrum  A,  representing  the  resistance 
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interposed  by  the  fulcrum  to  the  weight  of  P  and  Q,  and 
hence,  of  course,  equal  to  the  sum  of  these  two  weights. 
The  question  is,  under  what  conditions  will  such  a  system  be 
in  equilibrium  ? 

Now,  it  is  found  by  mechanical  principles  that  if  the  force 
P  multiplied  by  its  arm,  be  equal  to  the  force  Q  multiplied  by 
its  arm — that  is  to  say,  ifpXAB  =  QXA  c — then  there  will 
be  equilibrium  ;  but  if  P  X  A  B  is  greater  than  Q  X  A  c,  then 
P  will  begin  to  move  down,  while  Q  rises  :  and,  on  the  other 
hand,  if  Q  X  A  C  is  the  greatest,  Q  will  begin  to  fall. 

The  product  of  a  force  into  a  perpendicular,  dropped  from 
the  fulcrum  upon  its  line  of  action,  is  called  the  moment  of 
the  force ;  and  hence,  as  in  the  above  case,  where  there  is 
equilibrium,  the  moment  on  the  one  side  is  equal  to  that 
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on  the  other.  Numerous  applications  of  this  principle  are 
of  daily  occurrence  ;  thus,  with  an  iron  lever  or  crowbar,  a 
man,  if  he  has  sufficient  leverage,  or  purchase  as  it  is  called, 
may  raise  a  very  large  weight ;  for  although  his  own  force  is 
small,  it  acts  at  the  end  of  a  long  arm,  and  hence  its  moment 
is  great.  Pincers,  nutcrackers,  scissors,  &c.,  are  examples  of 
levers  where  a  comparatively  small  power  at  a  great  leverage 
produces  a  very  great  effect. 

The  principles  which  we  have  now  stated  and  applied  to 
two  forces,  P  and  Q,  may  be  extended  to  any  number  of 
forces  applied  to  a  system  which  is  supported  on  a  point  or 
fulcrum  ;  and  in  all  cases  where  there  is  equilibrium,  we 
may  assert  that  the  sum  of  the  moments  tending  to  produce 
rotation  in  one  direction  is  precisely  equal  to  the  sum  of 
those  tending  to  produce  rotation  in  an  opposite  direction. 

Example. — On  a  straight  lever  without  weight  we  have 
on  the  right  hand  of  the  fulcrum  two  forces — namely, 
8  grammes  at  a  distance  of  6  centimetres,  and  12  grammes 
at  a  distance  of  8  centimetres ;  while  on  the  left  hand  we 
have  10  grammes  at  a  distance  of  10  centimetres :  which  arm 
will  tend  to  fall } 

On  the  right  we  have  8  X  6  =  48  and  12  X  8  =  96,  in 
all  48  +  96  =  144,  for  the  sum  of  the  moments  tending  to 
depress  this  right  arm ;  while  on  the  left  we  have  10  x  10  = 
100  for  the  moments  tending  to  depress  the  left  arm ;  but 
the  former  is  greater  than  the  latter,  and  hence  the  right  arm 
will  be  depressed. 

Lesson  VL— Third  Law  of  Motion. 

31.  In  the  preceding  pages  we  have  exemplified  the  first 
two  laws  of  motion.  In  the  first  of  these  it  was  asserted 
that  a  body  cannot  alter  its  state  of  rest  or  motion  without 
the  application  of  a  force.  In  the  third  law  it  is  asserted 
that  this  force  must  be  applied  through  the  agency  of  some 
external  body.  Thus,  for  instance,  let  us  take  a  body  which 
rests  on  the  table.  We  say  it  rests,  but,  as  ah-eady  stated 
(Art.  5),  we  have  reason  to  believe  that  the  particles  of  this 
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body  are  in  a  state  of  violent  commotion  among  themselves  ; 
nevertheless  these  motions  are  not  such  as  to  alter  the 
position  of  the  body,  which,  unless  acted  on  from  without, 
will  continue  apparently  in  a  state  of  rest.  The  forces  within 
the  body  can  only  alter  the  relative  position  of  the  various 
particles  of  the  body,  but  cannot  alter  the  position  of  the 
body  as  a  whole.  In  like  manner,  a  man  in  a  carriage 
cannot  drive  himself  forward,  but  in  order  to  do  so  he 
must  make  use  of  the  ground,  or  something  external  to  the 
carriage  itself. 

But  although  a  body  as  a  whole  cannot  assume  motion 
without  the  application  of  some  external  force,  yet,  owing 
to  the  action  of  internal  forces,  we  may  have  one  part  of 
a  body  driven  in  one  direction,  and  another  driven  in  the 
opposite  direction.  Now,  whenever  this  takes  place,  it  is 
asserted  by  the  third  law  of  motion  that  whatever  momentum 
may  be  communicated  in  any  one  direction  by  an  internal 
action  of  this  kind,  precisely  as  much  will  be  communicated 
in  an  exactly  opposite  direction. 

There  are,  however,  cases  where  the  application  of  this 
principle  is  not  obvious  :  but  it  only  requires  a  little  study  to 
convince  us  that  it  holds  in  all.  Take,  for  instance,  a  gun 
which  is  fired.  At  first  sight  it  appears  as  if,  through  the 
exercise  of  internal  forces,  one  part  of  the  gun,  namely  the 
bullet,  has  been  driven  violently  forward  without  there  being 
any  motion  in  an  opposite  direction.  A  little  reflection  will, 
however,  convince  us  that  this  is  not  the  case ;  for  were  the 
gun  mounted  on  a  carriage  without  friction,  we  should  find 
that  while  the  bullet  was  propelled  violently  forward,  the  gun 
itself  was  propelled  in  the  opposite  direction  ;  and  further,  if 
we  made  accurate  observations,  we  should  find  that  the  back- 
ward force  was  precisely  equal  to  the  forward  force,  so  that 
if  we  multiply  the  mass  of  the  bullet  by  its  velocity  of  pro- 
pulsion, and  the  mass  of  the  gun  by  its  velocity  of  recoil,  the 
two  products  will  be  equal ;  or,  in  other  words,  the  momentum 
generated  in  one  direction  is  precisely  equal  to  that  generated 
in  the  other,  and  hence  the  force  exerted  in  the  one  direction 
is  precisely  equal  to  that  exerted  in  the  other. 
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On  this  account  the  third  law  of  motion  is  sometimes 
stated  as  follows  : — 

Action  and  reaction  are  equal  and  opposite. 

To  take  another,  instance.  Suppose  that  I  drop  a  stone 
towards  the  ground  ;  it  soon,  through  the  action  of  the  gravi- 
tating earth,  attains  a  considerable  velocity.  The  earth  has 
acted  upon  the  stone,  tending  to  pull  it  towards  itself;  and 
this  case  is,  in  fact,  the  reverse  of  that  of  the  gun.  In  the 
system  containing  the  gun  and  bullet,  we  had  a  repulsive 
force  generated  which  propelled  the  bullet  in  one  direction 
and  the  gun  in  another ;  but  in  the  system  embracing  the 
earth  and  stone  we  have  a  certain  velocity  of  approach 
generated  in  the  stone,  and  the  stone  here  corresponds  to 
the  bullet  of  the  gun,  while  the  earth  corresponds  to  the  gun 
itself.  We  should,  therefore,  expect  from  the  third  law  of 
motion  that  in  this  case,  while  the  stone  comes  down  to 
meet  the  earth,  the  earth  should  go  up  to  meet  the  stone ; 
and  this  is  no  doubt  true,  only  the  mass  of  the  earth  being 
so  very  much  greater  than  that  of  the  stone,  the  velocity  with 
which  the  earth  mounts  upwards  to  the  stone  will  be  very 
much  less  than  that  with  which  the  stone  iiloves  down  to 
meet  the  earth.  But  the  momentum  of  approach  will  be  the 
same  both  for  the  stone  and  the  earth. 

Let  us  next  suppose  that  a  cannon  while  in  the  act  of 
being  fired  is  firmly  fixed  to  the  earth.  The  ball  is  seen  to  fly 
forward  with  great  velocity,  but  the  cannon,  being  fixed, 
does  not  appear  to  move.  Is  not  the  reaction  destroyed  in 
such  a  case  as  this?  We  answer  that  the  reaction  is  not 
destroyed,  but  only  rendered  inappreciable  ;  in  fact,  the 
cannon,  being  firmly  bound  to  the  earth,  forms  a  part  of  the 
earth  itself,  so  that  we  have  the  cannon-ball  moving  rapidly 
forward  with  a  great  velocity,  and  the  earth,  to  which  the 
cannon  is  fixed,  moving  backwards  with  an  inappreciable 
velocity,  because  of  its  great  mass,  the  momentum  being  as 
before,  the  same  in  both  directions. 

The  same  thing  takes  place  when  a  man  leaps  upwards. 
The  muscular  force  which  he  exerts  is  very  similar  to  the 
action  of  the  powder  in  the  cannon,  and  the  man,  like  the 
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bullet,  is  propelled  in  one  direction,  while  the  earth  is  pushed 
downwards  in  the  other ;  of  course,  with  an  inappreciable 
velocity,  on  account  of  its  enormous  mass. 

The  same  principle  will  guide  us  to  a  correct  solution  in 
a  great  variety  of  important  cases.  Let  us  take  that  of  a 
bomb-shell  flying  along  with  the  velocity  of  200  metres  a 
second.  Suppose  that  it  meanwhile  explodes  into  two  parts 
of  equal  weight,  one  of  which  is  propelled  forward  in  the 
direction  in  which  the  shell  is  moving,  with  an  additional 
velocity  of  200  metres  per  second.  According  to  the  third 
law  of  motion,  the  other  half  will  be  pushed  backwards  with 
the  same  velocity  of  200  metres  per  second.     The  result  of 


Fig.  x2. 

the  explosion  will  therefore  be,  that  one-half  of  the  shell  will 
be  propelled  forwards  with  the  double  velocity  of  400  metres 
per  second,  and  the  other  half  will  have  lost  its  previous 
motion,  and  be  brought  to  a  standstill. 

If  the  weight  of  the  shell  be  10,000  grammes,  then,  taking 
the  gramme  as  our  imit  of  mass,  the  forward  momentum 
before  explosion  was  10,000  X  200,  while  the  momentum  after 
explosion  will  be  ^^gQ^  X  400,  or  precisely  the  same  as 
before.  We  had,  in  fact,  previous  to  the  explosion,  the 
whole  mass  moving  with  the  original  velocity,  and  after 
explosion  we  have  the  half  mass  moving  with  a  velocity 
double  of  the  original. 
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.  The  Eolipyle,  invented  by  Hero  of  Alexandria,  is  a  very 
good  illustration  of  the  principle  of  reaction.  It  consists  of 
a  hollow  metallic  sphere  capable  of  rotating  about  an  axis, 
as  in  Fig.  12.  It  is  fitted  with  two  small  appendages,  open  at 
the  end,  out  of  which  steam  may  be  made  to  issue.  Having 
introduced  a  sufficient  quantity  of  water  into  this  apparatus, 
let  it  be  heated  by  a  spirit-lamp.  When  the  temperature  has 
risen  to  the  boiling-point,  steam  will  begin  to  issue  from  the 
openings,  and  in  consequence  of  the  velocity  with  which  it 
issues  out,  the  globe  or  boiler  will  be  driven  round  in  the 
opposite  direction,  on  the  principle  of  reaction. 

The  rocket  is  another  illustration  of  the  same  principle,  the 
downrush  of  heated  gas  from  its  lower  extremity  causing  the 
rocket  itself  to  mount  upward  in  an  opposite  direction. 

If  we  study  the  case  of  the  rifle  already  given  we  shall  find 
that  the  centre  of  gravity  of  the  system  which  consists  of  the 
rifle  and  its  ball  is  not  affected  in  position  by  the  discharge, 
and  hence  the  third  law  of  motion  may  be  stated  as 
follows : — 

If  a  system  be  acted  upon  by  no  external  force  ^  then  its  centre 
of  gravity,  or,  to  speak  more  properly,  its  centre  of  inertia 
is  either  at  rest  or  moving  in  a  straight  line  with  a  uniform 
velocity. 

It  will  be  perceived  that  this  is  in  reality  a  generalization 
of  the  first  law  of  motion. 


CHAPTER   II. 

THE  FORCES  OF  NATURE. 

Lesson  VII.— Universal  Gravitation. 

32.  We  have  already  seen  (Art.  6)  that  the  forces  of 
nature  may  be  divided  into  three  groups — the  first  em- 
bracing universal  gravitation ;  the  second,  the  molecular  ; 
and  the  third,  the  atomic  forces  ;  the  distinction  between 
molecular  and  atomic  being  that  molecular  forces  denote 
those  exerted  between  particles  of  the  same  substance,  while 
atomic  forces  denote  those  exerted  between  particles  of  dif- 
ferent substances.  But  of  the  forces  connected  with  molecules 
and  atoms  we  have  some  which  may  be  characterised  as 
permanent,  while  others  are,  apparently  at  least,  temporary 
and  evanescent.  Thus  a  piece  of  iron  has  certain  permanent 
properties,  and  certain  permanent  forces  connected  with  these ; 
besides  which  it  may  be  temporarily  magnetized,  when  it  ex- 
hibits a  strong  attracting  power  for  other  iron,  which,  however, 
vanishes  when  it  is  again  demagnetized. 

In  the  same  manner  a  body  when  electrified  possesses 
peculiar  properties,  with  which  it  parts  whenever  it  loses  its 
electricity.  These  peculiar  and  temporary  exhibitions  of 
force  we  shall  consider  at  a  subsequent  stage  ;  but  in  the 
meantime  we  shall  confine  ourselves  to  those  forces  which 
may  be  said  to  be  permanently  associated  with  certain 
bodies. 
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33.  The  most  important  and  best-understood  force  belong- 
ing to  matter  is  "  universal  gravitation,"  a  force  which  was 
first  clearly  defined  by  the  genius  of  Newton. 

In  order  to  attain  a  distinct  perception  of  this  force,  let  us 
begin  with  terrestrial  gravity.  It  has  already  been  stated 
(Art.  20)  that  the  earth  attracts  a  falling  body  with  a  force 
sufficient  to  generate  a  velocity  of  9*8  metres  in  one  second. 
The  question  naturally  arises,  Does  it  generate  the  very 
same  velocity  in  every  falling  body .?  This  was  the  question 
which  Newton  asked  himself,  and  he  found  by  experiment 
that  the  velocity  was  precisely  the  same  in  the  case  of  each 
body. 

Previous  to  Newton,  Galileo  had  arrived  at  a  similar  con- 
clusion as  regards  bodies  of  different  weight ;  but  in  advo- 
cating it  he  met  with  great  opposition  from  the  schoolmen, 
for  in  those  days  men  had  hardly  yet  begun  to  question 
nature  by  experiment,  and  were  guided  almost  entirely  by 
authority.  The  followers  of  Aristotle  asserted  that  a  ten- 
poimd  weight  would  fall  to  the  ground  ten  times  as  fast  as 
a  one-pound  weight.  Galileo,  therefore,  let  two  such  weights 
drop  from  the  top  of  the  tower  at  Pisa,  and  they  both 
reached  the  ground  as  nearly  as  possible  together.  The 
larger  weight  was,  however,  very  slightly  before  the  other, 
and  it  was  properly  remarked  by  Galileo  that  this  difference 
was  due  to  the  resistance  of  the  air.  It  is,  in  fact,  this  re- 
sistance that  renders  the  law  of  equal  velocities  for  all  falling 
bodies  difficult  of  perception  at  first  sight ;  for  if  we  drop  a 
feather  and  a  piece  of  lead,  the  feather  will  evidently  lag 
behind  the  lead. 

Now,  it  is  obvious  that  the  surface  of  the  feather  being 
very  large  compared  to  its  weight,  the  resistance  of  the  air 
will  naturally  influence  its  motion  very  much,  and  make  it  lag 
behind.  We  may,  however,  exhaust  a  tall  jar  by  means  of 
an  air-pump,  and  contrive  to  drop  a  feather  and  a  bullet 
together  from  the  top  of  the  jar,  when  the  two  will  be  found 
to  reach  the  bottom  at  the  same  moment ;  then,  if  air  be 
again  admitted,  the  feather  will  lag  very  much  behind  the 
bullet. 
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34>.  But  experiments  on  falling  bodies  are  not  capable  of 
being  made  with  very  great  exactness,  because  they  pass  too 
rapidly  before  our  eyes.  Newton,  in  his  experiments,  ob- 
viated this  difficulty  by  taking  advantage  of  another  mode  of 
action  of  the  force  of  gravity.  When  a  pendnlum  (see  Fig. 
J  9)  is  pulled  aside  from  its  vertical  position,  and  then  left 
free,  the  heavy  part  or  bob,  in  virtue  of  the  force  of  gravity, 
tries  to  settle  in  the  lowest  position,  which  is  that  of  verti- 
cality  ;  but  when  it  regains  this  position  it  is  moving  with  a 
considerable  velocity,  which  will  suffice  to  carry  it  up  on  the 
other  side  to  a  distance  nearly  equal  to  that  from  which  it 
fell,  and  the  pendulum  will  go  on  oscillating  backwards  and 
forwards  on  both  sides  of  this  lowest  point  for  a  very  long 
time.  Now,  the  time  of  one  of  these  oscillations  enables  us 
to  measure  the  force  exerted  by  gravity  on  the  heavy  matter 
of  the  pendulum  ;  for  if  there  were  no  gravity  there  would 
be  no  oscillation  ;  if  very  little  gravity  the  oscillation  would 
be  very  slow,  so  that  the  quicker  the  oscillation  the  greater 
the  force  of  gravity. 

By  an  arrangement  of  this  nature  we  can  measure  the 
force  of  gravity  with  great  exactness ;  for  the  pendulum 
will  probably  vibrate  10,000  times  before  it  stops,  and  we  can 
therefore  ascertain  the  time  of  10,000  vibrations  with  an  error 
which  bears  a  very  small  proportion  to  the  whole  time. 

Now,  Newton  constructed  a  pendulum,  the  heavy  part  or 
bob  of  which  was  a  box,  into  which  he  might  put  a  number 
of  different  substances.  In  each  case  the  same  weight  was 
put  into  the  box,  so  that  the  resistance  of  the  air  would  have 
the  same  effect  on  each,  and  he  found  that  for  all  substances 
the  pendulum  oscillated  in  precisely  the  same  time. 

Let  us  endeavour  to  ascertain  what  this  means.  Since 
on  each  occasion  the  same  weight  was  enclosed  in  the  box 
of  the  pendulum,  this  means  that  on  each  occzision  thegravi- 
fating  force  was  the  same.  It  does  not,  however,  follow  that 
the  mass  was  the  same  in  each  case  ;  for,  until  we  have 
found  out  by  experiment,  we  have  no  reason  to  suppose  that 
the  mass  of  a  pound  of  lead  is  the  same  as  that  of  a  pound 
of  wool.     But  had  the  masses  been  different  in  Newton's  ex- 
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periment,  the  pendulum  would  have  had  a  different  time  of 
oscillation  according  to  the  nature  of  the  substance  enclosed 
in  the  box,  just  as  the  box  itself,  if  free  to  obey  gravity,  would 
have  fallen  to  the  ground  with  a  velocity  depending  on  the 
nature  of  its  substance. 

But  Newton  found  the  time  of  oscillation  always  the  same, 
and  hence  he  concluded  that  bodies  of  the  same  weight  are 
also  of  the  same  mass,  or  that  \!i\&  force  of  gravity  is  always 
proportional  to  the  mass, 

35.  Thus  gravity  is  not  like  magnetism.  If  a  pendulum 
with  an  iron  bob  were  swung  in  the  neighbourhood  of  a 
magnet,  its  time  of  oscillation  would  be  very  different  from 
that  of  one  with  a  leaden  or  brass  bob  ;  but  under  gravity 
there  is  no  such  difference.  We  thus  see  that  weight  is  a 
correct  representative  of  masSy  and  that  the  mass  of  a  poimd 
of  feathers  is  equal  to  that  of  a  pound  of  lead,  half  as  much 
as  that  of  two  pounds  of  iron,  and  so  on,  without  respect  to 
the  nature  of  the  substance.  Adopting,  therefore,  the  gramme 
for  the  unit  of  mass,  and  for  unit  of  force  that  which,  when 
applied  to  unit  of  mass,  generates  in  one  second  a  velocity 
equal  to  unity,  the  force  of  gravity  which  acts  on  one 
gramme  will  be  denoted  by  9*8,  inasmuch  as  it  generates 
this  velocity  in  unit  of  mass  in  one  second  ;  that  which  acts 
on  5  grammes  will  thus  be  5  X  9*8  =  49,  and  so  on,  the 
total  moving  force  being  measured  by  the  momentum  which 
it  generates  in  one  second ;  that  is  to  say,  by  the  product  of 
the  mass  into  the  velocity. 

Thus  we  see  that  the  earth  attracts  every  particle  of 
every  substance  with  a  force  proportional  to  the  mass  of  the 
substance. 

The  attractive  force  acts  in  the  direction  in  which  the 
plumb-line  hangs,  or  in  what  we  call  a  vertical  direction,  and 
it  is  of  such  a  value  that  it  will  produce  in  all  bodies  which 
fall  freely  an  acceleration  equal  to  9*8  metres  per  second 
nearly.  The  word  acceleration  is  here  used  to  denote  the 
velocity  generated  by  terrestrial  gravity  in  one  second  of 
time. 

The  linQ  of  direction   if  produced  will   pass  very  nearly 
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through  the  earth's  centre ;  but  of  course,  the  earth  being 
round,  the  plumb-line  at  one  place  will  differ  in  direction 
from  that  at  another  place  some  distance  off.  We  thus  see 
that  the  various  directions  in  which  the  force  of  gravity  acts 
are  not  in  reality  parallel  to  one  another ;  nevertheless  all 
plumb-lines  or  vertical  lines  within  a  short  distance  of  one 
another  are  as  nearly  as  possible  parallel,  seeing  that  it 
requires  the  distance  of  one  mile  to  make  a  change  equal 
to  one  minute  of  arc  in  the  direction  of  the  plumb-line. 

Again,  this  force  of  attraction  of  the  earth  for  substances 
near  its  surface  is  also  dependent  upon  the  magnitude  of  the 
earth  itself;  for  were  there  no  earth  there  would  be  no 
attraction  ;  were  the  mass  of  the  earth  only  half  what  it  is, 
the  attraction  would  only  be  half  as  great,  and  the  mass  of 
matter  contained  in  a  pound  would  then  distend  a  spring 
only  half  as  much  as  it  does  at  present  :  on  the  other  hand, 
were  the  earth  double  in  mass  of  what  it  is,  its  size  remaining 
the  same,  the  attraction  of  gravitation  at  its  surface  would 
be  twice  as  great.  Thus  we  see  that  the  whole  force  varies 
with  the  mass  of  the  earth  or  attracting  body,  as  well  as 
with  the  mass  of  the  attracted  body.  In  fact,  we  may  say 
that  every  particle  of  the  earth  attracts  every  particle  of  a 
stone  or  other  heavy  body,  and,  of  course,  by  the  third  law 
of  motion,  action  and  reaction  being  equal  and  opposite, 
every  particle  of  the  stone  attracts  every  particle  of  the  earth 
in  the  opposite  direction. 

36.  Suppose  now  that  we  could  observe  a  stone  placed 
twice  as  far  from  the  earth's  centre  as  it  is  at  present,  would 
the  attraction  of  the  earth  be  as  great  upon  it  as  it  is  at 
present  ?  Certainly  not ;  for  if  the  attraction  did  not  diminish 
in  some  way  with  the  distance  we  should  be  drawn  to  the 
sun  rather  than  to  the  earth,  since  the  mass  of  the  former 
body  is  so  much  the  greater.  The  attraction  exerted  by  a 
heavy  body  must  therefore  vary  in  some  manner  with  the 
distance  of  the  body.  It  was  reserved  for  Newton  to  find 
out  the  law  of  this  variation.  It  is  such  that,  if  the  distance 
be  doubled,  the  attraction  is  diminished  four  times  ;  if  the 
distance  be  tripled,  the  attraction  is  diminished  nine  times. 
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and  so  on,  which  is  expressed  by  saying  that  the  force  of 
gravitation  varies  inversely  as  the  square  of  the  distance. 

37.  A  proof  of  the  truth  of  this  assertion  occurred  to 
Newton.  We  cannot,  indeed,  place  a  stone  so  as  materially 
to  increase  or  diminish  its  distance  from  the  earth's  centre, 
but  we  have  the  moon  upon  which  to  make  our  observations. 
Thus  let  D  (Fig.  13)  be  the  centre  of  the  earth,  and  let  A 
be  the  place  of  the  moon  at  any  moment,  and  C  be  its  place 
one  second  later.  When  the  moon  was  at  A,  it  was  moving 
in  the  direction  A  B,  and  would  have  continued  to  move  in 
this  line,  by  virtue  of  the  first  law  of  motion,  had  not  the 
earth  interfered.  It  would  thus  have  been  at  B  at  the  end 
of  the  first  second,  but  by  the  attraction  of  the  earth  it  has 
been  pulled  from  B  to  C  in  one  second  of  time.  B  c,  in  fact, 
corresponds  to  the  4*9  metres  through  which  a  body  falls  at 
the  surface  of  the  earth  through  the  force  of  gravity  in  one 
second  ;  so  that  we  have  the  following  proportion  : — 

Force  of  earth's  attraction  at  the  moon  is  to 
force  of  same  at  the  earth's  surface  as'RC  is 
to  4*9  metres. 

Now  A  c  being  the  arc  of  a  circle,  of  which 
D  is  the  centre,  and  A  B  a  tangent  at  A,  we 
havej  by  a  well-known  proposition  in  geometry, 
A  B^  =  2  c  D.  B  c  nearly,  or  (since  A  B  is  nearly 
equal  to  A  c)  A  c*  =  diameter  of  orbit  X  B  C 

A  C'^ 

nearly  :  hence  B  c  =  —. = — ;-r-    Now, 

diameter  of  orbit. 

the  moon  is,  in  round  numbers,  240,000  miles 
from  the  earth's  centre,  or  sixty  times  as  far  as 
Fig.  13.         t^®  earth's  surface  is,  and  hence  the  circum- 
ference of  the  moon's  orbit  is  1,508,000  miles. 
This  distance  it  describes  in  27d  7h.  14m.,  and  hence  the 

lenefth  described  in  one  second,  or  A  c,  will  be  ^jj.^  ^QQQ 
^  2,360,580 

miles  =  o'639  miles. 

Again,  the  diameter  of  the  orbit,  or  double  the  radius,  is 

480,000  miles  :   hence  B  c  =  ^°'    ^^'    miles  =  '00137  m^res. 

480,000 
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Hence,  also,  the  proportion  previously  stated  becomes — 
Force  of  earth's   attraction  at  the  moon  ts  to  force  of 
same  at  earth's  surface  as  '00137  metre    is  to  4*9  metres, 

or  as  ^— —  is  to  i  ;   that  is  to  say,  as  a  matter  of  fact,  the 
3,600 

force   of  the  earth's  attraction   at   the  moon's    surface   is 

86*55  of  what  it  is  at  the  earth's  surface.     Now,  the  moon  is 

sixty  times  farther  away  from  the  earth's  centre  than  the 

earth's  surface  is  ;   and  hence  if  the  law  of  gravitation,  as 

announced  by  Newton,  holds  good,  the  earth's  attraction  at 

the  moon's  surface  should  only  be  ,7-^=  of  what  it  is  at  the 

(6o)2 

earth's  surface  :    now  — -,«  =  — -r—  :    this,  therefore,  is  the 
(6o)2       3,600 

proportion  which  ought  to  hold  if  Newton's  law  be  true  ;  but 

this  we  have  seen  is  also  the  actual  proportion  between  the 

two  attractions.    The  law,  therefore,  holds  good  in  the  case 

of  the  moon,  and  in  like  manner  it  might  be  shown  to  hold 

for  the  various  members  of  the  solar  system,  regarding  the 

sun  as  the  gravitating  body. 

38.  We  are  thus  led  to  the  grand  law  of  universal 
gravitation,  which  may  be  stated  as  follows : — Every  sub- 
stance in  the  universe  attracts  every  other  substance  with  a 
force  jointly  proportional  to  the  mass  of  the  attracting  and 
of  the  attracted  body,  and  varying  inversely  as  the  square  of 
the  distance. 

To  illustrate  this :  suppose  that  we  have  two  bodies  of 
mass  equal  to  unity  and  distance  from  each  other  equal  also 
to  unity,  and  suppose  (for  the  occasion)  that  the  attraction 
between  them  is  also  unity. 

(i)  Were  the  one  body  increased  six  times,  the  whole 
attraction  would  become  6. 

(2)  Were  both  bodies  increased  six  times,  each  unit  of  the 
one  body  would  attract  each  unit  of  the  other  with  a  force 
equal  to  unity  ;  hence  the  whole  attraction  would  be  6  X  6, 
or  36. 

(3)  In  like  manner  if  one  body  had  a  mass  equal  to  6,  and 
the  other  a  mass  equal  to  4,  the  whole  attraction  would  be  24. 
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(4)  If  in  addition  to  the  masses  in  (3)  the  distance  were 

doubled,  the  attraction  would  now  be     ^^     =  6. 

2X2 

(5)  Let  the  mass  of  the  one  be  9,  of  the  other  7,  and  the 

distance  be  5,  then  the  attraction  will  be  "       ^  =  —5, and 

5X5       25' 


Lesson  VIIL— Atwood's  Machine. 

39.  We  cannot  well  make  use  of  falling  bodies  to  illus- 
trate the  laws  of  motion,  because  they  fall  too.  rapidly  for 
us  ;  but  there  is  a  machine,  called  Atwood's  Machine,  which 
so  modifies  the  velocities  of  falling  bodies  as  to  make  them 
suitable  for  our  purpose.  The  essential  part  of  this  machine 
is  a  fixed  pulley  over  which  a  fine  silk  thread  passes.  The 
two  ends  of  the  axle  of  this  pulley  (Fig.  14)  are  made  to  lie 
on  the  circumferences  of  two  wheels,  by  which  means  the 
friction  of  the  axle  is  reduced  to  a  minimum.  A  thread 
passes  over  the  circumference  of  the  pulley,  and  to  the 
extremities  of  this  thread  two  hollow  boxes  of  equal  weight 
are  attached;  a  clock  connected  with  the  machine  shows 
seconds,  and  beats  in  an  audible  and  distinct  manner.  Be- 
sides this,  we  have  a  graduated  rod  to  which  are  attached 
several  plates  and  several  rings  ;  the  plates,  as  in  the  figure, 
will  arrest  either  of  the  boxes  in  its  descent,  but  the  rings 
will  allow  it  to  pass. 

40.  Experiment  A. — Suppose  now  that  each  of  the  boxes 
weighs  100  grammes,  and  that  we  put  400  grammes  into  the 
one  and  450  into  the  other :  also  let  us  take  into  account 
the  pulley  in  our  estimation  of  the  weight  of  the  boxes.  It 
is  clear  that  the  heavier  box  will  begin  to  descend,  and  that 
the  lighter  will  mount  up. 

The  mass  to  be  moved  is  in  all  (including  the  weight  of 
.the  boxes)  1,050  grammes,  while  the  force  is  that  caused  by 
the  50  grammes  of  excess  in  one  of  the  boxes. 

Now,  a  gramme  being  unit  of  mass,  this   force  will  be 
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denoted  by  50  X  force  of  gravity  «  50  X  9'8  =  49°,  which 
will  therefore  be  the  moving  force.  On  the  other  hand,  the 
whole  mass  to  be  moved  is  1,050,  and  hence  the  velocity 
acquired  in  one  second  (represented  by  the  moving  force 

divided  by  the  mass  to  be  moved)  will   be  -^22_  =  0*467 
^  1,050 

metres  per  second  nearly, 
while  the  space  passed 
through  will  be  half 
of  this  (Art.  21),  or  0*2335 
metres.  Suppose  now 
we  place  on  our  gra- 
duated rod  a  plate  0*2335 
of  a  m^tre  below  the 
box  containing  the  larger 
weight,  and  allow  this  box 
to  fall  just  when  the  clock 
is  beating  a  second,  it 
ought  to  strike  against 
the  plate  exactly  one 
second  after  it  began  its 
descent,  and  just  when 
the  clock  is  beating  the 
next  second. 

Experiment  B.  —  Hav- 
ing made  Experiment  A, 
and  ascertained  that  the 
result  agrees  with  our 
calculations,  let  us  now 
double  our  moving  force, 
keeping  however  the  same  total  mass.  Thus  let  there  be 
375  grammes  put  into  the  one  box,  and  475  into  the  other,  so 
that  the  total  mass,  including  that  of  the  boxes,  will  be  475 
+  375  +  200  =  1,050,  or  the  same  as  before,  while  the  ex- 
cess of  weight  will  be  100  grammes,  and  the  moving  force  100 
X  9*8  =  980,  being  double  of  that  in  Experiment  A.     The 

velocity  acquired  in   one  second  will  therefore  be  -2 —  = 

1,050 


Fig.  14, 
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o*934  metres  per  second  nearly,  while  the  space  passed 
through  will  be  half  of  this,  or  o'^^j  metres. 

Let  us  therefore  place  a  plate  so  as  to  arrest  the  box  with 
the  larger  weight  when  it  has  passed  through  0*467  metres, 
and  we  shall  find  as  before  that  it  will  strike  against  the 
plate  exactly  one  second  after  it  began  its  descent. 

Let  us  now  realize  what  we  have  proved  by  means  of  these 
two  experiments.  In  Experiment  A  we  had  a  mass  equal  to 
1,050,  and  a  moving  force  equal  to  50  X  9*8,  and  we  obtained 
as  the  result  the  velocity  of  0*467  metres  in  one  second. 

In  Experiment  B  we  have  the  same  mass,  namely,  1,050, 
and  a  double  moving  force,  or  100  X  9*8,  and  we  obtained 
in  one  second  a  velocity  equal  to  0*934  metres  in  one  second. 

We  thus  see  that  while  the  mass  remains  the  sanie^  the 
velocity  generated  in  unit  of  time  varies  as  the  force, 

4.1.  Experiment  C. — In  this  experiment  let  us  keep  the 
same  force  we  had  in  Experiment  A, — namely,  that  produced 
by  an  excess  of  50  grammes,  but  let  us  diminish  the  whole 
mass  by  one  half.  This  will  be  done  by  putting  137*5 
grammes  into  the  one  box,  and  187*5  grammes  into  the 
other,  for  the  excess  will  be  50  grammes,  the  same  as  before, 
while  the  whole  mass,  including  that  of  the  boxes,  will  be 
137*5  +  187*5  +  200  =  525,  or  the  half  of  1,050,  which  was 
the  mass  in  Experiment  A.     The  velocity  acquired  in  one 

second  will  here  be  -^^      ^     =  0*934,  and  the  space  passed 

over  in  one  second  half  of  this,  or  0*467  metres. 

Placing  the  stage  at  this  distance  below  the  heavier  box, 
it  will  be  found  to  reach  it  at  the  expiration  of  exactly  one 
second. 

Comparing  together  Experiments  A  and  C,  we  find  that  in 
both  we  had  the  same  moving  force,  or  that  due  to  an  excess 
of  50  grammes  ;  but  in  Experiment  A  we  had  a  mass  of 
1,050,  while  in  Experiment  C  the  mass  was  only  half  of  this. 
The  result  obtained  was  a  velocity  in  Experiment  C  twice  as 
great  as  that  in  Experiment  A.  We  thus  see  that  while  the 
moving  force  remains  the  same,  the  velocity  generated  in 
unit  of  time  varies  inversely  as  the  mass.     Taking  the  re.- 


48  ELEMENTARY  PHYSICS.  chap.  Ii. 

suits  of  all  these  experiments,  we  perceive  that  the  correct 
measure  of  a  force  is  that  already  given,  namely,  the 
momentum,  or  product  of  mass  into  velocity  generated  in 
unit  of  time. 

42.  Experiment  D. — Let  us  arrange  the  boxes  as  in 
Experiment  A,  only  let  the  excess  of  weight,  namely,  50 
grammes,  be  in  the  shape  of  a  bar  which  lies  across  the 
box  (Fig.  14). 

Also  let  us  place  a  ring  instead  of  a  plate  at  a  distance  of 
o'2335  metres  below  the  point  from  which  the  heavier  box 
begins  to  descend.  It  will  as  before  reach  the  ring  exactly 
at  the  expiration  of  one  second,  and  by  means  of  the  ring  it 
will  be  relieved  of  its  surplus  weight  of  50  grammes,  which, 
being  in  the  shape  of  a  bar,  will  be  caught  by  the  circum- 
ference of  the  ring,  while  the  box  itself  will  descend  through 
its  centre.  The  box  will  now  be  moving  with  the  velocity  of 
0*467  metres  in  one  second,  and  since  there  is  no  longer  any 
moving  force  it  will,  by  the  first  law  of  motion,  continue  to 
move  at  this  rate.  Let  us  therefore  place  a  plate  o'467 
metres  below  the  ring,  and  it  will  be  found  that  the  box  will 
reach  this  plate  exactly  one  second  after  it  reached  the  ring, 
and  exactly  two  seconds  after  it  first  started. 

Experiment  E. — Everything  being  the  same  as  in  Experi- 
ment D,  let  us  place  the  plate,  not  o'467  metres,  but  twice 
this,  or  0*934  metres,  below  the  ring.  Since  the  body, 
after  passing  the  ring,  moves  with  a  uniform  motion,  it  will 
be  found  to  reach  the  plate  in  exactly  two  seconds  after  it 
passed  the  ring,  or  three  seconds  after  it  began  to  fall. 

Comparing  together  Experiments  D  and  E,  we  find  that 
they  are  an  illustration  of  the  truth  of  the  first  law  of  motion, 
and  that  the  box,  being  relieved  by  the  ring  of  all  moving 
force,  and  therefore  being  in  a  condition  to  illustrate  the  first 
law  of  motion,  passes  through  the  space  of  0*467  mHres 
during  the  first  second,  and  through  the  same  space  during 
the  next,  thus  describing  equal  spaces  in  equal  times. 

43.  Experiment  F.— In  Experiment  A  we  obtained  a 
velocity  of  0*467  metres  per  second,  when  a  moving  force  due 
to  the  weight  of  50  grammes  operated  for  one  second  on  the 
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mass  of  1,050  grammes.  Suppose  now  we  allow  the  same 
force  to  operate  on  the  same  mass  for  two  seconds  instead  of 
one,  and  place  the  ring  so  as  to  take  off  the  moving  force 
when  it  has  operated  exactly  two  seconds  on  this  mass.  The 
ring  will  in  this  case  be  put  at  four  times  the  distance  at 
which  the  stage  was  put  up  in  Experiment  A,  or  0*2335  X  4 
=  o*934  metres  from  the  starting-point. 

As  the  heavier  box  will  reach  this  ring  in  exactly 
two  seconds,   it  will    then    be   moving  with    the   velocity 

Jtz^  X  2  —  o*934  metres  per  second  ;  and  the  moving  force 
1,050 

being  left  behind  on  the  ring,  the  box  will,  by  the  first  law 

of  motion,  continue  to  move  uniformly  with  this  velocity.     If, 

therefore,  we  place  a  stage  0*934  metres  below  the  ring,  the 

box  ought  to  reach  this  stage  exactly  one  second  after  it  has 

passed  the  ring,  or  exactly  three  seconds  after  it  has  begun 

to  fall. 

By  performing  this  experiment  we  see  that  the  same 
moving  force,  when  applied  to  the  same  mass,  will  generate 
in  two  seconds  of  time  a  velocity  twice  as  great  as  that  which 
is  generated  in  one  second,  or  ^Ae  velocity  generated  by  a 
constant  force  is  proportional  to  the  time  during  which  the 
force  has  acted. 

4.4..  Experiment  G. — We  see  very  easily  from  the  above 
experiment  that  the  spaces  passed  over  by  a  body  under  the 
action  of  a  constant  force  vary  as  the  squares  of  the  time. 

For  in  Experiment  A  we  placed  the  stage  0*2335  metres 
below  the  starting-point,  and  the  box  was  found  to  have 
arrived  there  in  exactly  one  second. 

Again,  in  Experiment  F,  we  placed  the  stage  four  times 
as  far  from  the  starting-point,  and  we  found  that  the  box 
reached  it  in  exactly  two  seconds  ;  and  if  we  place  the  stage 
nine  times  as  far  from  the  starting-point  (provided  the  appa- 
ratus be  sufficiently  high),  we  shaJl  find  that  the  box  will 
reach  it  in  exactly  three  seconds,  thus  proving  that  under  the 
influence  of  a  constant  force  the  spcu:es  parsed  over  vary  as 
the  squares  of  the  time^.  .  *"     '/., 

4.S.  Experiment  H. — We  may  also  make  use  of  At  wood's 

"      "e 
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machine  to  illustrate  the  laws  of  uniformly  retarded  motion. 
Thus  if  we  throw  up  a  stone  so  as  to  give  it  the  velocity  of 
9*8  metres  per  second,  gravity  will,  by  the  second  law  of 
motion,  tend  to  impress  upon  it  a  downward  velocity  of  9*8 
metres  in  one  second,  so  that  at  the  end  of  one  second  it  will 
have  no  velocity  at  all,  and  will  be  in  the  act  of  commencing 
its  descent.    Also,  it  will  have  moved  during  this  second  with 

an  average  velocity  equal  to  2 — ^t__  =  4*9  metres  per  second, 

and  hence  it  will  have  ascended  through  a  space  equal  to  4*9 
metres. 

Suppose  now  that  the  stone  is  projected  upwards  with  the 
velocity  of  19*6,  or  double  that  of  the  former.  It  will  be  two 
seconds  before  gravity  is  able  to  impress  upon  it  a  contrary 
velocity  of  19*6,  so  as  to  bring  it  to  rest.  It  will  therefore 
mount  upwards  for  two  seconds,  and  will  do  so  with  the 

average  velocity  of  -2 — X-?  =  9*8  metres  per  second,  and 

hence  the  whole  space  described  during  the  two  seconds  of 
ascent  will  be  9*8  X  2  =  19*6  metres. 

Thus  we  see  that  with  a  double  velocity  of  projection  the 
stone  mounts  four  times  as  high,  and  in  like  manner  it  might 
be  shown  that  with  a  triple  velocity  it  would  mount  up  nine 
times  as  high. 

In  fact,  we  have  here  space  described  against  the  action 
of  gravity  just  as  we  previously  had  space  described  by  aid  of 
the  action  of  gravity,  and  the  two  cases  are  connected 
together  by  a  very  simple  law.  Thus  if  a  stone  be  projected 
vertically  upwards,  it  will  reach  to  such  a  height  that  when 
it  falls  again  under  the  influence  of  gravity  it  will  finally 
strike  the  ground  with  the  very  same  velocity  with  which  it 
started.  During  its  ascent  gravity  has  acted  so  as  to  take  away 
its  upward  velocity,  and  during  its  descent  it  has  produced 
just  as  much  again  in  an  opposite  direction. 

Now  this  law  can  be  approximately  illustrated  by  At  wood's 
mac^ne.  Let  us  for  instance,  as  in  Experiment  A,  adhere 
to  a  totals  mass  of  1,050  grammes,  the  moving  force  being  a 
bar  50  grammes  in  weight  ;  also  place  the  ring  at  any  given 
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distance,  for  instance  one  metre  below  the  starting-point  of 
the  heavier  box,  and  finally  let  there  be  a  ring  from  which  at 
the  same  moment  the  ascending  box  shall  take  up  a  bar 
equal  in  weight  to  that  dropped  by  the  descending  box.  The 
motion  will  now  be  taking  place  against  a  moving  force  equal 
in  amount  to  that  which  previously  operated  in  its  favour, 
and  therefore,  if  we  place  a  stage  one  m^tre  below  the  ring, 
we  shall  find  that  the  box  will  nearly  touch  that  stage,  and 
then  begin  to  mount  upwards.  Thus  it  passed  through  one 
m^tre  under  the  influence  of  a  certain  force,  and  by  this 
means  acquired  a  velocity  which  enabled  it  nearly  to  describe 
the  same  space  of  one  m^tre  against  the  influence  of  a 
similar  force  before  it  was  finally  brought  to  a  rest,  and  its 
motion  reversed. 

4.6.  It  may  be  useful  to  give  one  or  two  examples  in  illus- 
tration of  this  subject. 

Example  I. — Neglecting  for  the  present  the  weight  of  the 
pulley  in  Atwood's  machine,  let  the  one  box  weigh  600 
grammes,  and  the  other  400  :  what  will  be  the  tension  on  the 
string  during  the  downward  motion  of  the  heavier  box  ? 

Answer, — We  have  here  amoving  force  equal  to  200  X  9'8, 
and  a  mass  equal  to  1,000 ;   hence  the  velocity  acquired  in 

one   second  will  be     ^^    X  9*8  =  9*8  X  J.     The   heavier 
1,000 

mass  (or  600  grammes)  will  therefore   have  attained  this 

velocity  at  the  end  of  one  second,  whereas,  if  left  to  itself,  it 

would  have  attained  through  gravity  a  velocity  equal  to  9*8, 

or  five  times  as  much.      There  must,  therefore,  have  been 

acting  upon  it  a  force  opposed  to  gravity,  and  representing 

the  tension  of  the  string,  which  has  generated  in  one  second 

an  upward  velocity  of  9*8  X  J.     Now  this  is  a  force  equal  to 

four-fifths   of  that   gravity,  and  hence  the  tension  on  the 

string  will  be  equal  to  fOur-fifths  of  the  weight  of  the  body ;  ^ 

that  is  to  say,  it  will  be  600  X  f  =  480  grammes. 

Example  II. — A  body  is  projected  vertically  upwards  with 
a  velocity  equal  to  I9'6  metres  per  second  :  what  will  be  its 
velocity  after  it  has  risen  147  metres  } 

Answer.^^VJQ  see   from  Art.  45   that   a  body   projected 

£  2 
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upwards  with  the  velocity  ori9*6  will  rise  19*6  metres  before 
it  begins  to  descend.  When  it  has  risen  147  metres,  it  will, 
therefore,  have  sufficient  velocity  left  to  carry  it  up  4*9 
metres  more.  But  by  Art.  45  we  see  also  that  a  body  having 
the  upward  velocity  of  9*8  metres  will  rise  4*9  metres  in 
height.  Hence  the  body  in  this  example,  which  has  risen 
147  metres  in  height,  will  then  be  moving  upwards  with  the 
velocity  of  9*8  metres,  since  that  velocity  will  suffice  to  carry 
it  up  4*9  metres  more. 

Let  us  now  briefly  recapitulate  the  facts  connected  with  the 
action  of  gravity  at  the  earth's  surface. 

(A.)  A  body,  falling  from  rest  under  the  influence  of 
gravity,  attains  a  velocity  of  9*8  metres  per  second  at  the  end 
of  the  first  second  of  descent,  of  9*8  X  2  or  19*6  at  the  end 
of  the  second  second,  and  so  on,  the  velocity  acquired  being 
proportional  to  the  time. 

(B.)  The  body  will  have  fallen  through  4*9  metres  at  the 
end  of  the  first  second,  through  19-6  at  the  end  of  the  second 
second,  through  44*1  at  the  end  of  the  third  second,  send  so 
on,  the  space  passed  over  varying  as  the  square  of  the  time. 

(C.)  If  a  body  be  projected  upwards  with  any  velocity,  it 
will  rise  to  such  a  height  that  when  it  falls  again  from  this 
height  it  will,  when  it  reaches  the  ground,  have  acquired, 
under  the  influence  of  gravity,  during  its  descent  a  velocity 
equal  but  opposite  to  that  with  which  it  started  on  its  upward 
journey. 


Lesson  IX.— Centre  of  Gravity,  etc. 

.  4.7.  In  a  former  chapter  (Art.  30)  it  was  seen  that  if  two 
or  more  parallel  pressures  act  upon  a  rod,  and  if  a  fulcrum 
or  point  of  application  of  resistance  be  so  chosen  in  the  rod 
that  the  moments  of  the  forces  on  the  one  side  of  the  fulcrum 
equal  those  on  the  other  side,  there  will  be  equilibrium.  Now 
let  us  suppose  that  we  have  a  set  of  downward  pressures 
represented  by  heavy  weights  attached  to  such  a  rod,  and 
that  the  system  is  moveable  round  an  axis  or  fulcrum,  such 
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that  the  moments  of  the  weights  on  the  one  side  shall  be 
equal  to  those  on  the  other,  there  will  in  such  a  case  be  no 
tendency  to  rotation  round  the  axis,  but  the  system  will 
balance  in  every  position. 

An  obvious  application  of  this  principle  is  to  heavy  bodies 
of  various  shapes.  Take  for  instance  a  uniform  circular 
plate.  Each  particle  of  this  plate  is  attracted  to  the  earth 
by  virtue  of  gravity,  and  the  attractions  on  the  various  par- 
ticles form  a  system  of  parallel  forces,  which  will  obviously 
balance  round  the  centre  of  the  plate. 


Fig.  15. 

In  like  manner  a  rectangular  plate  will  balance  round  the 
point  which  constitutes  the  intersection  of  its  diagonals ;  in 
fact  there  is  some  point  in  every  heavy  substance  about  which 
it  will  balance.  TTiis  point  is  called  the  centre  of  srayity.  of 
the  Substance. 

4.8.  The  following  is  a  simple  practical  way  of  finding  the 
position  of  this  point.  Suppose  for  instance  (see  Figs.  15 
and  16)  that  we  take  a  heavy  plate  of  irregular  outline,  but 
plane  surface,  and  suspend  it  by  a  string.  It  is  evident  that 
it  will  not  hang  as  in  Fig.  15,  but  rather  as  in  Fig.  16. 

The  whole  weight  of  the  substance  may  be  supposed  to  be 
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concentrated  in  its  centre  of  gravity,  and  if  this  point  is 
supported  there  will  be  equilibrium. 

Therefore  when  a  heavy  plate  is  hung  by  a  string  as 
above,  it  is  clear  that  it  will  place  itself  in  such  a  position 
that  the  centre  of  gravity  will  be  vertically  under  the  string, 
for  we  then  have  the  whole  weight  of  the  body  acting  verti- 
cally downwards  from  its  centre  of  gravity,  and  the  tension 
of  the  string  acting  vertically  upwards,  and  both  forces  in 
the  same  line,  so  that  they  will  neutralize  one  another.  Now 
draw  on  the  heavy  plate  a  line  B  D  in  prolongation  of  this 
string  (Fig.  i6).  This  line  will  evidently  pass  through  the 
centre  of  gravity  of  the  plate^  although  we  do  not  yet  know 
what  precise  point  in  it  constitutes  this  centre  of  gravity. 
Let  us,  however,  next  suspend  the  same  plate  by  another 
point,  c,  and  mark,  as  before,  on  the  plate  the  prolongation, 
c  E,  of  the  string  by  which  it  is  suspended.  This  line  must 
likewise  contain  in  it  the  centre  of  gravity  of  the  plate. 

We  have  thus  got  two  separate  lines,  B  D,  and  C  E,  each 
containing  the  centre  of  gravity  of  the  plate,  which  can 
therefore  only  be  at  the  point  G  where  these  two  lines  inter- 
sect one  another. 

4.9.  Let  us  now  give  a  few  practical  illustrations  of  this 
doctrine.     In  the  first  place,  if  we  have  a  heavy  solid  resting 

^ Q      upon  a  base  slanting-wise,  how 

shall  we  know  that  it  will  not 
topple  over.'* 
^       /  We  answer — It    will  remain 

stable    so    long    as    a    vertical 
line,  drawn  from  the  centre  of 
gravity,    shall    fall    within    the 
D  base,  as  it  does  for  the  lower 

fiG.  17.  solid  in  Fig.   17 ;    for  then  the 

weight  of  the  body,  acting  downwards,  is  neutralized  by  the 
resistance  of  the  support.  But  if  the  solid  be  so  high  or  so 
slanting  that  this  line  falls  without  the  base,  then  it  will 
topple  over,  and  this  will  be  the  case  for  the  large  solid 
A  B  G  D  (Fig.  17). 
50,  We  have  said  that  there  will  be  equilibrium  when  the 
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centre  of  gravity  is  supported ;  but  this  equilibrium  may  be 
of  two  kinds,  stable  or  unstable. 

When  a  body  is  in  stable  equilibrium,  and  a  displacement 
takes  place,  it  shows  a  tendency  to  recover  its  former  position. 
But  when  a  body  is  in  unstable  equilibrium,  if  it  be  displaced 
it  shows  a  tendency  to  depart  farther  and  farther  from  its 
original  position. 

Thus,  for  example,  an  ^%%  is  in  stable  equilibrium  when 
resting  on  an  extremity  of  its  shorter  axis  ;  and  if  a  slight  dis- 
placement be  given  to  it,  it  recovers  its  former  position.  But 
it  is  in  unstable  equilibrium  if  standing  on  its  longer  axis, — - 
that  is  to  say,  on  its  end ;  for  even  if  we  succeed  in  making 
it  stand  thus,  the  very  smallest  displacement  will  cause  it  to 
topple  over. 

When  we  examine  into  the  subject,  we  find  a  very  simple 
law  determining  whether  an  equilibrium  sh^U  be  stable  or 
unstable.  If  a  displacement  tends  to  raise  the  centre  of 
gravity,  the  equilibrium  is  stable  ;  and  if  it  tends  to  lower  it, 
the  equilibrium  is  unstable. 

For  since  we  may  suppose  the  whole  weight  of  the  body 
to  be  concentrated  in  its  centre  of  gravity,  raising  this  centre 
simply  means  raising  the  body  itself  against  the  action  of 
gravity,  and  therefore  implies  an  effort ;  inasmuch  as  the  force 
of  gravity  will  resist  the  raising  of  any  substance  vertically 
upwards  ;  there  will,  therefore,  be  a  tendency  in  the  body  to 
resume  its  former  low  position. 

On  the  other  hand,  if  a  displacement  lowers  the  centre  of 
gravity,  it  is  the  same  thing  as  lowering  the  body,  and  such 
a  displacement  will  be  favoured  and  increased  by  the  action 
of  gravity,  and  not  resisted  as  in  the  former  case.  Thus 
when  an  ^%%  rests  on  its  smaller  axis,  its  centre  of  gravity  is 
as  low  as  it  can  possibly  be,  and  any  displacement  lengthwise 
tends  to  raise  this  centre  of  gravity.  Such  a  displacement 
is  therefore  resisted,  and  the  ^%%^  after  several  oscillations  in 
consequence  of  the  displacement,  will  ultimately  recover  its 
former  position,  just  as  a  pendulum  after  a  displacement 
ultimately  assumes  its  position  of  verticality.  But  not  so  if 
the  ^%%  stands  on  its  larger  axis,  for  in  such  a  position  the 
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centre  of  gravity  is  as  high  as  it  can  possibly  be.  A  dis- 
placement here  tends  to  bring  the  centre  of  gravity,  and 
therefore  the  whole  mass  of  the  egg  itself,  nearer  to  the 
earth's  centre,  and  is  therefore  favoured  by  the  force  of  gravi- 
tation. The  egg  will  therefore  be  in  an  unstable  equilibrium, 
and  the  smallest  touch  will  make  it  topple  over. 

Besides  thft  two  kinds  of  equilibrium  to  which  we  have 
alluded,  there  is  that  of  neutral  or  indifferent  equilibrium, 
such  as  that  of  a  sphere  resting  upon  a  horizontal  plane. 

Here,  if  a  displacement  occurs,  the  centre  of  gravity  is 
neither  raised  nor  lowered,  but  remains  always  at  a  height 
above  the  plane  equal  to  the  radius  of  the  sphere,  and  in 
consequence  the  sphere  will  rest  with  indifference  on  any 
part  of  its  surface,  showing  no  tendency  to  prefer  one  point 
above  another. 

51.  We  have  here  an  explanation  of  the  principle  of  con- 
struction of  those  toys  which,  with  the  appearance  of  being 
top-heavy,  are  nevertheless  so  weighted  beneath  that  the 
centre  of  gravity  is  raised,  and  not  lowered,  by  displacement ; 
the  consequence  is  that  when  displaced  they  oscillate  back- 
wards and  forwards  until  ultimately  they  regain  the  position 
from  which  they  were  moved.  The  following  are  a  few 
examples  in  illustration  of  this  subject  : — 

Example  I. — A  cone  is  placed  on  its  apex  on  a  flat  horizon- 
tal surface  :  will  the  equilibrium  be  stable  or  unstable  ? 

A  nswer, — U  nstable. 

Example  II. — A  uniformly  heavy  circular  wooden  disc 
has  a  piece  of  its  substance  taken  out,  and  a  piece  of  lead 
inserted  instead.  In  what  position  will  it  rest  on  a  flat 
horizontal  surface? 

Answer, — It  will  rest  so  that  the  lead  will  be  below  the 
centre  of  the  disc  and  in  the  vertical  line  joining  it  and  the 
point  on  which  the  disc  rests.  For  the  centre  of  gravity  of 
the  whole  heavy  disc,  including  the  lead,  will  in  this  case  be 
as  low  as  possible,  and  any  displacement  will  tend  to  raise 
it,  and  will  therefore  be  resisted  by  the  action  of  gravity. 

Example  III. — How  will  a  man  rising  in  a  boat  affect  its 
stability  ? 
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Answer. — It  will  make  it  more  unstable,  because  it  will 
raise  the  centre  of  gravity  of  the  system,  so  that  an  oscillation 
would  now  be  more  ready  to  swamp  the  boat  than  if  its  centre 
of  gravity  were  low. 

Example  IV. — In  like  manner  a  cart  loaded  with  hay  is 
more  liable  to  be  overturned,  owing  to  irregularities  in  the 
road,  than  one  loaded  with  lead,  because  in  the  former  case 
the  centre  of  gravity  of  the  system  is  high,  and  a  compara- 
tively small  angular  displacement,  due  to  want  of  level  in 
the  road,  such  that  the  one  side  is  higher  than  the  other, 
may  bring  this  centre  of  gravity  into  such  a  position  that  a 
line,  drawn  vertically  downwards  from  it,  shall  pass  without 
the  wheels,  in  which  case  the  system  will  topple  over. 

52.  Let  us  now  say  a  few  words  about  the  balance.     This 


Fig.  18. 

important  instrument  consists  of  a  lever,  having  equal  arms 
on  either  side  of  a  knife-edge  upon  which  it  rests  (Fig.  18). 

From  the  extremities  of  these  arms  the  scale-pans  are 
suspended,  and  a  pointer  attached  to  the  balance  points 
vertically  downwards  when  there  are  equal  weights  in  the 
two  scale-pans  ;  but  should  the  left-hand  weight  predomi- 
nate, the  pointer  will  be  deflected  to  the  right,  and  vice 
versd. 

Let  us  begin  by  supposing  that  there  is  no  weight  in 
either  scale-pan.  The  balance  is  so  arranged  that  its  centre 
of  g^ravity  is  raised  somewhat  by  displacement,  so  that,  if 
displaced  under  these  circumstances,  it  will  come  back  to  its 
original  position. 
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If  the  balance  be  very  delicate,  this  force  tending  to  bring 
it  back  is  a  very  small  one,  so  that  a  very  small  additional 
weight  in  one  scale-pan  will  push  the  pointer  aside  a  con- 
siderable distance  before  it  is  counteracted  by  this  force.  If, 
for  instance,  the  one  scale-pan  be  a  milligramme  heavier 
than  the  other,  the  pointer  may  be  pushed  aside  one  division 
before  the  force  of  restitution  is  sufficient  to  overcome  the 
additional  pressure  of  the  milligramme.  If  the  additional 
weight  be  two  milligrammes,  the  pointer  will  now  be  pushed 
aside  two  divisions,  and  so  on.  A  sensitive  balance  enables  us 
to  ascertain  with  great  exactness  the  weight  of  any  substance ; 
for  we  have  only  to  put  the  substance  to  be  weighed  in  the  one 
scale-pan,  and  such  a  number 
of  standard  weights  in  the  other, 
as  to  cause  the  pointer  to  point 
vertically  downwards,  when  we 
may  be  sure  that  we  have  ascer- 
tained the  weight  of  the  substance 
with  very  great  exactness;  for 
were  the  one  scale-pan  the 
smallest  degree  heavier  than  the 
other  it  would  cause  an  appre- 
ciable deflection  of  the  pointer 
either  to  the  one  side  or  the 
other. 

53.  The  pendulum  has  been 
already  alluded  to  (Art.  34) 
as  a  means  of  measuring  the 
force  of  gravity  by  the  rapidity 
of   its    oscillations.       Thus    we 

tl  find    that    the   same  pendulum 

^  /ah  vibrates  somewhat  slower  at  the 

III  IV      equator    than    near    the    pole, 
IB  and    hence    we    conclude    that 

^*°'  ^9.  the  force  of  gravity  is  slightly 

less  at  the  equator  than  at  the  pole.  This  is  a  result,  in  part 
at  least,  of  the  fact  that,  owing  to  the  orange-like  shape  of 
the  earth,  a  particle  at  the  pole  is  really  nearer  the  earth's 


LESS.  X.  THE  FORCES  OF  NATURE.  59 

centre  than  one  at  the  equator.  Again,  the  same  pendulum 
will  vibrate  somewhat  more  slowly  at  the  top  of  a  mountain 
than  at  its  base,  because  the  force  of  gravity  is  somewhat 
smaller  at  the  former  position  than  it  is  at  the  latter,  owing  to 
increased  distance  from  the  centre  of  the  earth.  But  the 
most  frequent  use  of  the  pendulum  is  to  regelate  clocks,  and 
the  mode  in  which  it  is  applied  for  this  purpose  is  exhibited 
in  Fig.  19,  where  B  denotes  the  bob  or  heavy  part  of  the  pen- 
dulum. This  pendulum  in  its  oscillations  moves  backwards 
and  forwards  an  escapement,  c,  terminated  by  two  pallets 
which  act  upon  the  teeth  of  the  escapement  wheel,  so  that  at 
each  oscillation  one  tooth  is  allowed  to  escape,  and  thus  the 
wheel  moves  round  one  tooth  at  a  time.  If  it  were  not  for 
this  connexion  of  the  escapement  wheel  with  the  pendulum, 
the  effect  of  the  weight,  w,  would  be  to  make  it  move  rapidly 
round  until  all  the  cord  which  is  wrapped  round  its  axis  is 
uncoiled  by  the  lowering  of  the  weight.  Thus  the  pendulum 
regulates  the  clock.  The  length  of  the  seconds  pendulum — 
that  is  to  say,  of  the  pendulum  which  vibrates  from  one  of  its 
extreme  positions  to  the  other  once  in  a  second — is  very 
nearly  one  m^tre,  and  its  time  of  oscillation  is  the  same 
whether  it  makes  small  or  very  small  swings.  This  property 
of  the  pendulum  is  called  its  isoclironijim,  and  was  first  dis- 
covered by  Galileo,  who  noticed  that  a  lamp  swung  by  a 
chain  in  a  cathedral  performed  its  oscillations  in  equal  times 
without  respect  to  their  extent. 

The  time  of  oscillation  of  the  pendulum  will,  however,  be 
altered  by  altering  its  length.  Thus,  if  it  be  four  times  as 
long,  its  time  of  oscillation  will  be  doubled,  if  it  be  only 
one-fourth  as  long,  its  time  of  oscillation  will  be  halved  ;  if 
it  be  one-ninth  as  long,  its  time  will  be  reduced  to  one-third, 
and  so  on,  the  tifne  of  oscillation  varying  as  the  square  root 
of  the  length. 

Lesson  X.— Forces  exhibited  in  Solids. 

54..  In  the  present  chapter  we  propose  to  discuss  mole- 
cular and  atomic  forces,  as  they  are  exhibited  in  the  three 
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states  of  matter — solid,  liquid,  and  gaseous.  Let  us,  in  the 
first  place,  briefly  describe  the  most  prominent  varieties  of 
these  forces. 

We  have  in  the  first  place  cohesion,  adhesion,  and  chemical 
affinity,  which  are  attractive  forces ;  and  in  the  next  place  we 
have  those  forces  which  resist  any  change  of  shape  or  volume 
in  solids,  and  any  change  of  volume  in  liquids  and  gases. 

Cohesion  denotes  the  attraction  which  the  various  mole- 
cules of  the  same  substance  have  for  one  another,  and  in 
virtue  of  which  the  various  particles  of  solids  and  liquids 
keep  together. 

We  may  use  the  word  adhesion  to  denote  the  attraction 
exerted  between  particles  of  two  different  bodies  when 
placed  in  contact  with  one  another.  On  the  other  hand, 
when  particles  of  different  bodies  have  such  an  attraction 
for  each  other  as  to  rush  together  and  form  a  substance  of 
a  different  chemical  nature,  then  we  have  the  operation  of 
chemical  affinity. 

Thus  we  should  characterize  that  force  which  holds 
together  the  various  particles  of  a  piece  of  glass  as  the  force 
of  cohesion ;  but  that  force  which  causes  a  film  of  water  to 
cling  to  a  surface  of  glass  we  should  denominate  adhesion, 
while  again  that  force  which  causes  sulphuric  acid  and  lime 
when  brought  together  to  unite  in  order  to  form  sulphate  of 
lime,  we  should  term  chemical  affinity. 

Forces  tending  to  alter  the  shape  of  a  solid  body  may  be 
applied  to  it  in  several  different  ways,  each  of  which  will  be 
resisted  by  the  body  itself  Thus  a  thick  metal  wire,  having 
one  end  fixed  and  a  weight  suspended  from  the  other,  will 
resist  a  force  tending  to  twist  the  weight  round  ;  this  is  called 
resistance  to  torsion.  Or,  again,  a  thick  rod  of  metal  will 
resist  any  force  tending  to  pull  its  particles  apart ;  this  is 
termed  resistance  to  linear  extension.  And  it  will  also  resist 
any  force  tending  to  crush  its  particles  together,  and  this  is 
called  resistance  to  linear  compression. 

Besides  resisting  deformation  in  these  different  ways,  a 
solid  bar,  as  for  instance  a  bar  of  steel,  will  resist  a  force 
tending  to  bend  it,  thus  exhibiting  resistance  to  flexure. 
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Finally,  it  will  resist  any  force  tending  to  make  its  whole 
Yoiume  less,  which  we  may  term  resistance  to  cubical 
compression. 

We  may  exemplify  this  by  a  thick  cylinder  of  india- 
rubber.  A  comparatively  slight  force  will  extend  this 
cylinder  or  compress  it  in  the  direction  of  its  length  ;  but 
when  the  cylinder  is  extended  it  becomes  attenuated  as 
regards  its  thickness,  and  when  it  is  compressed  it  bulges 
out.  We  cannot  therefore  immediately  deduce  the  cubical 
compressibility  of  india-rubber  from  such  experiments,  or 
assert  how  far  the  substance  will  yield  to  a  force  which  tends 
to  compress  it  in  one  direction  without  permitting  it  to  bulge 
out  in  another. 

We  have  therefore — 

(i)  Resistance  to  linear  extension ; 

(2)  Resistance  to  linear  compression ; 

(3)  Resistance  to  cubical  compression  ; 

(4)  Resistance  to  torsion ; 

(5)  Resistance  to  flexure  ; 

all  denoting  various  forces  exhibited  by  solids,  and  the  only 
one  of  these  that  is  also  exhibited  by  liquids  and  gases  is  the 
third,  or  resistance  to  cubical  compression. 

In  treating  of  this  subject,  a  change  in  the  size  or  shape 
of  a  body  is  called  a  strain,  while  the  force  in  the  interior 
of  the  body  producing  this  is  called  a  stress,  and  inas- 
much as  the  displacements  now  considered  are  small,  the 
strains  produced  are  proportional  to  the  stresses  producing 
them. 

If  the  solid  body  under  consideration  be  isotropic,  that  is 
ta  say,  if  it  have  the  same  properties  in  all  directions,  then, 
while  its  elastic  qualities  are  practically  represented  under 
the  five  heads  already  given,  in  theory,  these  may  be  fully 
determined  by  two  co-efficients  known  as  those  of  elasticity 
of  volume  and  simple  rigidity. 

Elasticity  of  volume  is  measured  by  the  amount  of  force 
per  unit  area  applied  to  the  body  to  compress  it  (after  the 
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manner  of  a  fluid  pressure)  divided  by  the  diminution  in  bulk 
per  unit  of  volume  which  this  produces.  Here  we  have  a 
change  of  volume,  but  no  change  of  shape. 

In  simple  rigidity  we  have  a  change  either  of  shape  or  of 
the  relative  position  of  particles,  but  not  of  volume,  and  this 
property  of  solids  is  exhibited  very  clearly  in  the  torsion  of  a 
cylindrical  rod  in  which  the  relative  position  of  particles  is 
altered,  while  the  volume  remains  the  same.  Linear  exten- 
sion, linear  compression,  and  flexure  are  in  reality  complicated 
cases  involving  the  action  of  elasticity  of  volume,  as  well  as 
that  of  simple  rigidity. 

Before  leaving  this  subject  a  few  words  must  be  said  about 
friction.  If  we  put  a  heavy  weight  on  the  table  it  wiH 
require  a  very  strong  force  to  move  it  along.  But  if  the 
table  were  of  marble  and  not  of  wood,  then  a  much  less 
force  would  make  the  weight  slide  along,  while  if  the  weight 
were  on  a  sheet  of  ice  it  would  move  with  a  still  smaller 
force.  This  resistance  which  the  heavy  weight  offers  to  our 
efforts  to  push  it  along  is  called  friction. 

As  long  as  the  surface  of  the  heavy  weight  in  contact 
with  the  table  remains  the  same,  the  force  requisite  to  move 
it  will  be  proportional  to  the  weight  itself,  and  this  force  or 
pressure  required  to  move  the  weight  divided  by  the  weight 
itself  expresses  what  is  called  the  coefficient  of  friction  for 
these  particular  touching  surfaces.  It  follows  as  a  corollary 
from  what  has  now  been  said,  that  while  the  pressure  remains 
the  same,  the  friction  has  no  relation  to  the  magnitude  of 
the  surface.  For  if  we  suppose  a  plate  of  iron  equal  to  four 
square  inches  and  weighing  four  pounds,  to  rest  upon  a  sur- 
face of  marble  or  stone,  and  if  we  imagine  it  cut  up  into 
four  squares  of  one  inch  each,  then,  evidently,  the  friction  of 
one  of  these  squares  will  be  one-fourth  of  the  friction  of  the 
whole  ;  but  if  now  we  take  up  three  squares  and  pile  them 
on  the  fourth,  it  is  evident  that  the  pressure  on  the  fourth 
square  will  now  be  increased  fourfold,  and  hence  the  friction 
will  be  increased  fourfold  also.  It  will  therefore  be  the  same 
as  the  friction  of  the  original  surface  before  it  was  cut  up  j 
•,  in  other  words,  the  friction  of  a  fourfold  weight  resting 
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on  a  base  of  one  square  inch  is  the  same  as  if  it  rested  upon 
a  base  of  four  square  inches. 

What  we  have  now  said  only  holds  approximately,  for 
in  some  cases  the  friction  is  not  strictly  independent  of  the 
surface.  Rennie  has  made  some  valuable  experiments  on 
this  subject,  and  has  derived  the  following  laws : — 

(l)  In  fibrous  substances  such  as  cloth,  friction  is  increased 
by  surface  and  time,  and  diminished  by  pressure  and  velocity. 
(2)  In  harder  substances,  such  as  woods,  metals,  and  stones, 
the  friction  varies  directly  as  the  pressure,  without  regard  to 
surface,  time,  or  velocity.  (3)  Friction  is  greatest  with  soft, 
and  least  with  hard  substances. 

The  application  of  grease  in  general  diminishes  the  friction. 
In  engines,  for  instance,  the  friction  is  very  much  diminished 
by  means  of  grease. 

55.  With  these  preliminary  remarks  let  us  now  consider 
the  properties  and  forces  of  solids. 

Crystallised  Stmctare. — When  a  solid  is  formed  slowly 
and  without  agitation,  its  particles  usually  arrange  them- 
selves so  as  to  produce  bodies  of  a  definite  and  regular  form, 
which  are  called  crystals.  Thus  when  small  particles  of 
water  slowly  freeze  in  a  calm  atmosphere,  they  form  crystals 
of  snow  of  beautiful  symmetry  and  shape. 

The  crystallization  of  salts  from  solutions  is  of  frequent 
occurrence,  and  in  Nature  we  have  crystals  of  great  value, 
which  cannot  as  yet  be  formed  artificially,  as  for  instance 
the  diamond  and  the  emerald. 

Very  often  in  crystals  the  various  forces  and  properties  are 
different  in  different  directions.  Thus  if  we  prepare  a  long- 
shaped  block  or  rod  out  of  a  crystal  of  Iceland  spar,  it  will 
behave  itself  differently  in  many  respects,  according  as  its 
length  is  in  the  direction  of  the  axis  of  crystallization,  or  in  a 
direction  at  right  angles  to  it. 

56.  Fibrons  and  laminated  Stmctnre. — Some  solids, 
especially  those  which  compose  organized  bodies,  have  a 
fibrous  structure.  This  is  exemplified  in  wood,  and  in  many 
vegetable  products,  such  as  flax.  It  is  very  difficult  to  break 
such  a  fibre  as  regards  its  length,  but  it  is  very  easy  to 
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separate  two  contiguous  fibres  from  each  other.  Wood,  for 
instance,  very  easily  splits  along  the  fibre,  but  not  at  all  easily 
across  it.  Again,  certain  artificial  substances,  by  the  pro- 
cesses to  which  they  have  been  subjected,  acquire  a  fibrous 
structure ;  thus  wrought-iron  has  acquired  such  by  the  process 
used  in  making  it.  Mica,  oyster-shells,  &c.,  are  examples  of 
bodies  possessing  a  laminated  structure,  and  the  same  remark 
that  applied  to  fibrous  bodies  applies  also  tx>  these  ;  mica, 
for  instance,  can  be  split  very  easily  in  one  direction,  but  not 
in  another. 

67.  Solids  without  Stnictnre. — Many  solids  exhibit  no 
apparent  trace  of  structure ;  glass  is  a  familiar  instance  of 
a  body  of  this  kind,  and  sealing-wax  is  another.  In  many 
cases  a  solid,  when  first  produced,  exhibits  no  appearance  of 
crystallization ;  but  afterwards,  through  time  and  vibration, 
the  particles  assume  a  definite  structure.  Thus  after  a 
cannon  has  been  fired  a  great  number  of  times  its  texture 
changes,  and  it  becomes  liable  to  burst.  It  would  seem  that 
the  crystallized  structure  is  the  most  natural  one,  and  that 
the  particles  of  a  body  have  a  natural  tendency  to  assume 
this  condition  whenever  circumstances  permit  of  their 
doing  so. 

58.  Cohesion  in  Solids. — Cohesion,  as  we  have  said,  is 
the  general  name  for  that  force  in  virtue  of  which  the  various 
particles  or  molecules  of  a  body  are  kept  together,  and  with- 
out which  everything  would  fall  into  a  state  of  powder.  It 
is  therefore  a  force  tending  to  prevent  disintegration  of 
the  body.  When  the  force  tending  to  rupture  a  body  is 
one  directly  pulling  its  particles  asunder,  the  resistance 
which  it  offers  to  this  is  termed  its  tenacity.  When  the 
tenacity  of  bodies  is  to  be  experimented  upon,  they  are 
generally  drawn  out  into  prismatic  wires,  the  cross-section  of 
which  is  capable  of  being  accurately  measured,  and  being 
supported  at  one  end,  a  weight  is  applied  to  the  other.  In 
such  cases  it  is  found  that  the  breaking  weight  is  proportional 
to  the  cross-section.  Thus,  suppose  the  cross-section  is  one 
square  millimetre,  and  the  breaking  weight  lo  kilogrammes, 
if  the  crossrsectipn  be  2  square  millimetres  the  breaking 
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weight  will  be  20  kilogrammes,  and  so  on.  The  tenacity  may 
therefore  be  measured  by  the  weight  necessary  to  break  a 
prism  of  given  section,  say  one  square  millimetre. 

Time  is,  however,  an  element  in  all  such  experiments ; 
thus  a  substance  may  endure  for  a  short  time  a  weight 
which  if  applied  during  a  long  time  would  be  sufficient  to 
break  it. 

M.  Wertheim  has  made  many  experiments  on  the  tenacity 
of  various  metals  drawn  into  threads  one  millimetre  in  dia- 
meter, and  he  finds  the  following  results  :— 

Slow  rupture.    Sodden  rupture. 

Lead  drawn 2*^*07  2^*36 

„    annealed i*8o  2*04 

Tin  drawn .      2*45  2*94 

„  annealed 170  3*57 

Gold  drawn    . 27*00  28*40 

„    annealed io*o8  11 'lo 

Silver  drawn .  29*00  29*60 

„      annealed 16*02  16*50 

Zinc  drawn i2*8o  15*77 

„   annealed —  14*40 

Copper  drawn 40*30  41*00 

„        annealed 30*54  31*55 

platinum  drawn 34*  10  35*oo 

„            annealed 23*50  27*70 

Iron  drawn 6i*io  65*10 

„    annealed     ......  46*88  50*25 

Steel  thread  drawn .     .     .     .     .  70*00  99*10 

„                annealed ....  40*00  53'9o 

From  this  table  it  will  be  seen  that  in  all  cases  the 
breaking  force  for  sudden  rupture  is  greater  than  for  slow 
rupture,  thus  confirming  the  remark  made  about  the  effect  of 
time. 

Wood,  as  may  be  imagined,  requires  a  much  larger  force 
to  break  it  in  the  direction  of  the  fibre  than  in  any  other, 
and  the  results  of  some  experiments  of  Musschenbroeck 
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give  the  following  breaking  weights  in  kilogrammes  for 
prisms  of  different  kinds  of  wood,  of  which  the  section  is 
one  square  millimetre  : — 


Oak 
Aspen 
Fir  . 
Ash. 
Elm 


Kilog^mmes. 

6  to  8 
6  to  7 
8  to  9 

12 

10*40 


Beech  .  . 
Box  .  .  . 
Pear-tree  . 
Mahogany. 


Kilogrammes 

.     .     8 


14 
6 

5 


But  all  bodies  do  not  suddenly  give  way  under  a  force 
tending  to  pull  their  particles  asunder.  When  the  force  is 
long  continued  the  body  often  gradilally  changes  shape, 
becoming  always  weaker  and  weaker  until  it  yields.  Some- 
times this  change  of  shape  is  very  perceptible,  and  the  body, 
by  means  of  the  applied  weight,  is  drawn  out  into  a  thread. 

59.  Ductility  denotes  that  property  of  bodies,  in  virtue  of 
which  they  permanently  change  their  form  under  the  applica- 
tion of  stretching  force.  Thus  a  piece  of  wax,  at  a  tolerably 
high  temperature,  is  very  ductile,  and  may  easily  be  drawn 
out  into  a  thread  ;  and  at  a  high  temperature  a  piece  of  glass 
is  the  same.  On  the  other  hand,  it  requires  a  very  great  force 
to  pull  a  piece  of  iron  or  steel  into  a  long  thin  wire. 

60.  MaUeablUty  is  a  modification  of  ductility.  Some 
bodies  do  not  stand  being  drawn  out  into  very  fine  wires,  but 
they  may  be  hammered  into  very  thin  plates.  Gold  is  the 
most  malleable  metal,  and  it  has  been  beaten  into  leaves  the 
thickness  of  which  is  only  '00008  of  a  millimetre. 

61.  BrittleneMi.— Disintegration  may  be  accomplished  in 
many  ways  ;  for  instance,  by  a  sudden  blow,  and  some  bodies 
are  particularly  liable  to  be  fractured  by  this  means,  in  which 
case  they  are  said  to  be  brittle.  Glass  is  an  example  of  a 
body  of  this  kind.  Thus,  in  some  respects,  a  sheet  of  glass, 
although  stronger  than  a  sheet  of  paper  or  cardboard,  in 
resisting  a  pressure  evenly  applied,  will  yet  be  fractured  by  a 
blow  which  will  not  affect  the  paper.  Disintegration  may 
also' take  place  by  sfcratching  the  surface  of  a  body. 

62.  HardnesB,  in  the  language  of  mineralogists,  is  that 
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property  in  virtue  of  which  a  body  resists  the  action  of 
another  tending  to  scratch  its  surface. 

Therefore,  if  we  have  three  bodies,  A  and  B  and  C,  of  which 
A  can  scratch  B,  and  B  can  scratch  C,  we  say  that  A  is  harder 
than  B,  and  B  harder  than  c. 

.  The  diamond  is  the  hardest  of  all  known  substances,  and 
when  a  gem  of  this  nature  is  to  be  cut,  particles  of  diamond 
dust  must  be  used  in  the  operation. 

Hardness  is  not  capable  of  exact  numerical  estimation,  but 
a  scale  has  been  adopted,  by  means  of  which  the  relative 
hardness  of  any  substance  may  be  easily  found. 

The  following  is  the  scale  generally  used  : — 

1.  Talc.  6.  Felspar. 

2.  Rock  Salt.  7.  Quartz. 

3.  Calc  Spar.  8.  Topaz. 

4.  Fluor  Spar.  9,  Corundum. 

5.  Apatite.  10.  Diamond. 

Thus,  suppose  a  body  scratches  calc  spar,  but  not  fluor 
spar,  its  hardness  will  be  between  3  and  4,  and  so  on. 

63.  Temper. — The  hardness  of  a  body  may  be  made  to 
vary  according  to  the  treatment  which  it  receives.  Thus  if  a 
piece  of  steel  be  heated  to  a  great  heat,  and  suddenly  cooled, 
it  becomes  very  hard ;  this  is  called  temperingr  the  steel. 
Generally  the  particles  of  bodies  which  are  suddenly  cooled 
are  in  a  state  of  constraint,  and  the  body  is  very  apt  to 
break  ;  for  instance,  glass  which  is  suddenly  cooled  is  much 
more  apt  to  break  than  that  which  is  cooled  slowly  or  annealed, 
as  this  operation  of  slow  cooling  is  called ;  and  if  the  surface 
of  a  vessel  of  unannealed  glass  be  scratched,  the  whole  vessel 
will  probably  fall  to  pieces.  Prince  Rupert's  drops  are  small 
drops  of  glass,  cooled  by  being  dropped  when  in  a  melted 
state  into  water,  and  in  these  the  interior  is  in  such  constraint, 
that  when  broken  the  whole  structure  goes  to  pieces  with  an 
explosion.  There  are  also  philosophical  toys,  consisting  of 
thick  glass  vessels  which  will  stand  a  strong  blow,  but  go  to 
pieces  when  a  morsel  of  flint  is  allowed  to  scratch  their  surface. 

F    2 
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64>.  Elasticity. — We  have  hitherto  concerned  ourselves 
with  forces  tending  to  disintegrate  solids.  All  forces,  how- 
ever, do  not  produce  this  result;  but  provided  the  force 
applied  to  a  solid  be  not  too  great,  the  solid,  when  the  force 
is  withdrawn,  will  exactly  recover  its  previous  figure.  There 
is,  in  fact,  a  limit  within  which  a  solid  may  be  temporarily 
acted  upon  with  the  certainty  of  its  recovering  its  figure  when 
the  force  is  withdrawn,  and  this  limit  is  called  the  limit  of 
perfect  elasticity,  the  word  elasticity  denoting  tendency  to 
recovery. 

When  this  limit  is  overpassed  the  body  does  not  recover 
itself,  but  becomes  weaker  and  weaker  until  at  length  it 
yields  to  the  applied  pressure. 

Therefore,  in  making  a  solid  structure,  such  as  a  bridge,  it 
must  be  made  so  strong  that  the  greatest  possible  load  which 
it  has  to  bear  shall  deform  it  much  within  the  limit  of  perfect 
elasticity. 

Let  us  now  consider  shortly  the  forces  in  a  solid  which 
resist  displacement  of  its  particles,  all  being  within  the  limit 
of  perfect  recovery. 

65.  Force  resistingr  Unear  Extension. — Suppose  that  we 
use  a  vertical  rod  one  millimetre  square  and  one  m^tre  in 
length,  and  apply  a  weight  at  the  lower  end,  the  rod  being  fixed 
at  the  other.  Suppose  that  we  take  as  our  unit  of  force  the 
weight  of  one  kilogramme,  and  that  it  increases  the  length 
of  the  rod  say  by  y^  of  a  millimetre.  If  the  weight  be  two 
kilogrammes,  this  increment  of  length  will  be  doubled  and 
become  y^  of  a  millimetre,  and  so  on ;  the  elongation  or 
increment  of  length  being  proportional  to  the  weight  or  force 
applied.     This  is  the  first  law. 

In  the  next  place,  the  elongation  is  proportional  to  the 
whole  length  of  the  rod;  for  if  the  rod  be  very  short  it 
will  obviously  require  a  much  greater  pulling  asunder  if 
the  particles,  and  consequently  a  much  greater  force  to 
lengthen  it  by  a  definite  amount  than  if  it  is  long ;  hence  the 
above  law  ;  so  that,  had  the  above-mentioned  rod  been  two 
metres  long,  its  elongation  under  the  pulling  force  of  one 
kilogramme  would  have  been  y§^  of  a  millimetre,  and  so  on. 
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Thirdly,  the  elongation  caused  by  a  given  weight  or  force  is 
inversely  profiortional  to  the  cross  section.  If  for  instance  the 
cross  section  be  two  square  millimetres,  it  will  require  a  double 
force,  or  two  kilogrammes,  to  produce  the  extension  of  yj^  of  a 
millimetre  ;  if  the  section  be  three  square  millimetres,  it  will 
require  three  kilogrammes,  and  so  on ;  so  that  the  extension 
produced  by  a  single  kilogramme  will  be  only  one-half  when 
the  cross  section  is  doubled,  and  only  one-third  when  it  is 
tripled  ;  that  is  to  say,  it  will  vary  inversely  as  the  cross 
section. 

66.  Force  resisting  Unear  CompreaMilon. — It  is  difficult 
to  avoid  flexure  in  compressing  a  rod,  but  when  the  experi- 
ment is  properly  made,  it  will  be  found  that  a  rod  will  be  as 
much  compressed  under  the  operation  of  a  force,  as  it  would 
be  extended  under  the  operation  of  the  same  force  applied  in 
the  opposite  direction. 

66a.  The  laws  which  we  have  given  enable  us  to  measure 
accurately  the  force  with  which  a  body  resists  linear  exten- 
sion or  compression.  Thus  if  we  suspend  by  one  end  a  rod 
of  any  lengthy  having  a  square  millimetre  of  cross  section,  and 
apply  the  weight  of  one  kilogramme  to  its  lower  extremity, 
we  shall  find  that  it  will  be  stretched  out  a  certain  small  pro- 
portion of  its  whole  length,  this  proportion  being  the  same  for 
different  lengths,  but  differing,  however,  with  the  nature  of 
the  substance. 

The  following  table,  derived  from  the  experiments  of  M. 
Wertheim  made  at  temperatures  between  15°  and  20°  C, 
shows  this  extension  in  fractional  parts  of  the  whole  length 
of  the  rod  for  various  metals  : — 


Lead YrW 

Gold -  ygigry 

Silver ^-^^ 

Copper TiTsTff 

Platinum tsItf 

Iron ^hrr 

Steel 16420 
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Thus  we  see  that  a  rod  of  gold  of  one  square  millimetre  in 
section  will  be  extended  j^  of  its  whole  length  by  the 
weight  of  one  kilogramme,  and  so  on. 

07.  Foree  resisting  Tonioii. — Let  a  thread  be  suspended 
as  in  Fig«  20,  and  a  weight  be  attached  to  the  other  end  of 
the  thread,  having  a  pointer  which  moves  over  a  dial-plate 
recording  angular  measure.  If  left  to  itself,  the  pointer  will 
settle  in  some  particular  direction.  If  now  the  pointer  be 
twisted  round,  this  operation  will  be  resisted  by  the  thread, 
and  the  force  which  exercises  this  resistance  is  called  the 
force  resisting  torsion. 

It  has  been  found  that  the  force  resisting  torsion  is  pro- 
portional to  the  angle 
through  which  the  pointer 
is  twisted^  thus,  if  the 
pointer  be  twisted  90° 
from  its  point  of  rest, 
the  force  tending  to  bring 
it  back  will  be  only  one- 
half  of  what  it  would  be 
were  it  twisted  180°,  or 
one-fourth  of  what  it  would 
be  were  it  twisted  360*  or 
a  whole  turn. 

In  the  next  place,  the 

force     resisting     torsion 

varies    inversely    as  the 

length  of  the  thread;  that 

is  to  say,  if  the  thread  be  doubled  in  length  it  is  only  half 

as  great,  if  it  be  tripled  in  length  only  one-third  as  great, 

and  so  on. 

Finally,  it  is  proportional  to  the  fourth  power  of  the  dia- 
meter of  the  thread  Thus,  if  the  diameter  of  the  thread  be 
doubled,  it  will  be  increased  2X2X2x2=-  16  times  ; 
and  if  the  diameter  be  tripled,  it  will  be  increased  3  X  3  X 
3X3  =  81  times,  and  so  on. 

The  first  law  of  torsion,  or  that  which  asserts  that  the 
force  resisting  torsion  is  proportional  to  the  angle  through 


Fig.  20. 
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which  the  pointer  is  twisted,  may  be  rendered  evident  by 
means  of  the  apparatus  exhibited  in  Fig.  20a, 

Here  A  B  is  an  iron  rod  firmly  fixed  at  A,  and  having  the 
end  B  rigidly  connected  with  the  pointer  shown  in  the  figfure, 
and  also  with  a  wheel  at  B,  but  otherwise  free  to  move.  It 
follows  that  the  amount  of  twist  of  the  end  B  will  be  shown 
by  the  pointer,  which  moves  in  front  of  a  graduated  dial. 

Now  attach  a  five-pound  weight  to  the  chain  which  passes 


Fig.  20a. 


over  the  wheel  at  B  ;  this,  by  twisting  the  rod,  will  deflect  the 
pointer,  let  us  say  through  one  division. 

Next  attach  a  ten-pound  weight,  and  it  will  be  found  that 
this  will  deflect  the  pointer  through  two  divisions. 

Finally,  attach  both  the  ten-  and  the  five-pound  weights,  or 
fifteen  pounds  in  all,  and  this  will  be  found  to  deflect  the 
pointer  through  three  divisions. 

In  other  words,  the  angular  deflection  will  be  proportional 
to  the  weight. 
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68.  Resistance  to  Flezture. — The  force  with  which  a  solid 
resists  any  attempt  to  bend  it  is  made  use  of  in  a  variety  of 
ways.  The  main-spring  of  a  watch,  when  coiled  up,  tends  to 
uncoil  itself  from  this  cause,  and  the  bow  and  the  spring 
balance  are  other  examples  of  the  same.  The  laws  of  this 
force  are  best  studied  in  the  case  of  a  beam  fixed  by  one  end 
into  a  wall,  and  loaded  at  the  other  extremity  (Fig.  21). 
Rupture  will  be  produced  when  this  load  is  excessively 
great,  but  the  limit  will  depend  upon  the  length,  the  breadth, 
and  the  thickness  of  the  beam. 

In  the  first  place,  the  force  necessary  to  produce  rupture  of 
a  beam  will  vary  inversely  as  the  length  of  the  beam  ;  so 
that  if  we  double  the  length,  a  force  of  half  the  size  will  be 
sufficient,  the  reason  being  that  it  acts  at  a  double  leverage. 


Fig.  21. 

Again^  the  force  necessary  to  produce  rupture  will  be  propor- 
tional to  the  breadth  ;  for  if  the  beam  be  doubled  in  breadth, 
it  will  stand  a  force  twice  as  great ;  and,  finally,  the  breaking 
force  will  vary  as  the  square  of  the  depth  of  a  beam,  so  that 
if  the  beam  be  doubled  in  depth  it  will  stand  four  times  as 
great  a  force.  Therefore,  in  structures  in  which  beams  are 
heavily  loaded,  it  is  a  much  more  advantageous  use  of  the 
material  to  increase  the  depth  than  to  increase  the  breadth 
of  the  beams. 

What  we  have  now  said  refers  to  forces  producing 
rupture ;  but  it  is  often  desirable  to  study  the  action  on  a 
beam  of  forces  much  less  than  those  which  rupture    it. 
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This  is  most  conveniently  done  by  measuring  the  vertical 
lowering  of  the  extremity  of  the  beam  due  to  the  applied 
force. 

Let  a  represent  this  lowering  of  the  extremity  of  a  pris- 
matic beam  of  length  /,  and  breadth  ^,  and  depth  </,  for  a 
weight  «/,  applied  at  its  extremity. 

Then  it  is  found,  both  as  the  result  of  theory  and  experi- 

w  P 
ment,  that  a  oc  7— jg,  or  in  other  words,  the  depression  of  the 

extremity  of  a  beam  so  loaded,  is,  in  the  first  place,  propor- 
tional to  the  load. 

In  the  next  place,  //  is  proportional  to  the  cube  of  the 
length  of  the  beam, 

Thirdlv,  //  is  inversely  proportional  to  the  breadth  of  the 
beam. 

And  lastly,  //  is  inversely  proportional  to  the  cube  of  the 
depth  of  the  beam. 


Lesson  XL— Forces  exhibited  in  Liquids. 

69.  Viewing  adherence  to  shape  as  the  essential  charac- 
teristic of  a  solid,  we  come  next  to  liquids,  in  which  this 
property  is  almost  entirely  absent.  In  this  class  of  bodies 
the  particles  slide  along  each  other  with  very  great  freedom, 
and  may  easily  be  separated  the  one  from  the  other.  Co- 
hesion is  in  their  case  very  small,  but  yet  it  has  not  entirely 
disappeared,  and  it  is  only  necessary  to  refer  to  drops  of 
liquids  as  a  proof  that  there  is  still  a  trace  of  cohesion  in 
such  bodies. 

Thus  a  drop  of  water,  whether  pendent  from  a  surface  to 
which  it  adheres,  or  rolling  along  a  surface  to  which  it  does 
not  adhere,  or  a  globular  drop  of  mercury,  such  as  we  fre- 
quently see,  are  all  instances  that  cohesion  has  by  no  means 
entirely  vanished  in  the  case  of  liquids. 

All  liquids  are  not  equally  endued  with  fluidity,  and  in 
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many  bodies  an  increase  of  heat  will  produce  a  transition 
from  the  solid  to  the  liquid  state  by  imperceptible  degrees. 
We  have  already  instanced  the  case  of  sealing-wax  and  glass 
(Art.  59)  as  bodies  which  gradually  change  their  state.  When 
a  substance  is  in  an  imperfect  state  of  liquidity,  it  is  said  to 
be  ▼isconsi  and  we  need  only  refer  to  treacle  or  honey  as 
examples  of  viscous  fluids.  In  all  such  bodies  time  is  an 
element  which  we  must  consider  :  thus,  stir  up  the  surface 
of  a  pot  of  honey  or  treacle,  and  it  will  ultimately  right  itself 
and  become  level ;  but  it  will  take  very  much  longer  to  do  so 
than  a  similar  surface  of  water  or  alcohol ;  or  again,  at  a 
temperature  only  moderately  high,  support  a  long  stick  of 
sealing-wax  horizontally  by  its  extremities,  and  weight  it 
slightly  in  the  middle,  and  it  will  in  the  course  of  time  be 
found  to  be  bent  into  a  curved  shape  without  the  appearance 
of  fracture. 

70,  But  while  a  liquid  offers  little  or  no  resistance  to  the 
separation  of  its  particles,  or  to  their  motion  over  one  another, 
it  offers  very  great  resistance  to  a  force  tending  to  compress 
it  into  smaller  volume.  Thus  if  we  fill  a  hollow  cylinder 
with  water,  and  fit  into  it  a  water-tight  plunger,  we  shall  not 
be  able  to  drive  this  down,  or  to  compress  by  its  means  the 
water  in  the  cylinder  to  an  appreciable  extent. 

So  great,  in  fact,  is  the  resistance  to  compression  offered  by 
liquids  that  for  a  long  time  these  bodies  were  regarded  as 
incompressible.  It  has,  however,  been  found,  by  means 
of  very  delicate  experiments,  that  this  is  not  the  case,  but 
that  for  a  pressure  equal  to  one  atmosphere,  or  15  lbs.  on 
every  square  inch  of  surface,  mercury  will  become  com- 
pressed about  0*000005  of  its  original  volume,  water  0*00005, 
and  ether  0*000133.  It  is  hardly  necessary  to  state  that 
when  the  pressure  is  removed  the  liquid  recovers  its  original 
volume. 

71.  Equality  of  Pressure  in  aU  Directions. — This  was 
a  law  of  liquids  discovered  by  Pascal  and  it  may  be  best 
seen  in  the  case  of  a  fluid  uninfluenced  by  gravity.  Its 
mode  of  action  will  be  understood  by  reference  to  the 
annexed  figure   (Fig.  22),  which  is  supposed  to  represent 
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FlC.    22. 


a  hollow  vessel  containing  water  or  any  similar  liquid,  and 
having  various  cylindrical  apertures  of  equal  size  fitted  with 
moveable  pistons.  Now  let  a  pressure,  say  of  lo  kilo- 
grammes, be  put  on  the  uppermost  piston,  A ;  this  pressure 
will  be  transmitted  by  means  of  the  particles  of  water,  and 
will  press  out  each  of  the  various 
other  pistons  with  a  force  in  the 
direction  of  the  arrow-heads,  and 
equal  to  lo  kilogrammes,  so 
that  the  force  at  A  is  trans- 
mitted by  the  fluid  particles  in 
dl  directions,  causing  on  every 
portion  of  the  surface,  equal  to 
that  of  the  piston  at  A,  a  pressure 
perpendicular  to  the  fluid  surface, 
and  equal  to  lo  kilogrammes. 

Let   us   now    see   what    will 
happen  if  we  vary  the  size  of  the  different  pistons. 

In  Fig.  23  let  the  piston  A  have  an  area  equal  to  one 
square  centimtoe,  and  the  piston  B  an  area  of  100  square 
centimetres  ;  also  let  a  pressure  of  10  kilogrammes  be  applied 
to  the  piston  A  in  a  downward  direction.  From  the  above 
law  it  will  follow  that  every 
square  centimetre  of  the  pis-  T« 
ton  B  will  be  pressed  upwards  I  i 

with  the  force  of  10  kilo- 
grammes, because  that  is  the 
pressure  on  one  square  centi- 
metre at  A,  and  this  pressure 
will  by  Pascal's  law  be  trans- 
mitted in  all  directions.  Now 
the  piston  at  B  having  the  area  of  100  square  centimetres, 
there  will  be  on  the  whole  an  upwardly  acting  pressure  at 
B  equal  to  100  X  10,  or  1,000  kilogrammes,  and  it  will  there- 
fore lift  this  weight, 

A  fluid  is  therefore  capable  of  forming  a  very  powerful 
mechanical  arrangement ;  for  in  the  above  machine  the 
downward  pressure   of   10  kilogrammes   is  made  to   raise 


Fig  23. 
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i,ooo  kilogrammes,  and,  by  increasing  the  proportion  be- 
tween the  smaller  and  the  larger  piston,  the  mechanical 
advantage  will  be  proportionally  increased.  Thus,  if  the 
area  of  A  were  one  square  centimetre,  and  that  of  B  500 
square  centimetres,  and  if  A  were  pressed  downwards  by 
10  kilogrammes  as  before,  B  would  now  be  pressed  upwards 
by  a  pressure  equal  to  5,000  kilogrammes,  which  is  a  very 
great  force. 

72.  Bramah's  Press. — Machines  on  this  principle  were 
introduced  by  Bramah,  who  made  the  force  with  which  the 
large  piston  is  moved  upwards  of  service  in  pressing  materials 
together.  This  contrivance  is  known  as  the  hydraulic  press, 
or  Bramah's  press,  and  is  much  used  in  many  of  the  arts. 
Wool  and  similar  materials  are  pressed  together  into  small 
bulk  by  means  of  this  machine. 

73.  EqniUbrltim  of  liiqnida. — In  what  has  preceded  we 
have  considered  the  liquid  as  closely  shut  in  on  all  sides, 

and  merely  serving  as  a 
vehicle  for  transmitting  pres- 
sure. Let  us  now  take  the 
case  of  a  liquid  in  an  open 
vessel,  and  find  what  will  be 
the  form  of  its  surface.  Sup- 
p,Q  2^  pose,  for    instance,  that   we 

have  an  open  vessel  (Fig.  24) 
containing  water,  and  that  this  vessel  is  set  6n  the  surface 
of  the  earth. 

Now,  as  every  particle  of  a  liquid  is  free  to  move,  it  follows 
that  when  at  rest  there  must  be  no  excess  of  pressure  urging 
the  particle  in  any  one  direction,  but  every  pressure  must  be 
counterbalanced  by  an  equal  and  opposite  pressure.  Sup- 
pose now  that  under  the  action  of  gravity  the  surface  of  the 
water  were  to  rest  in  an  inclined  position,  A  B,  it  is  clear  that 
there  is  a  considerable  weight  of  water  above  a  particle,  D, 
towards  the  left,  and  none  towards  the  right ;  and  this  weight, 
forming  a  pressure  which  the  particles  of  the  water  convey 
in  all  directions,  will  push  the  particle  D  towards  B. 

The  particles  will  therefore  not  be  at  rest  in  such  a  position, 
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and  will  only  be  so  when  the  surface  is  perpendicular  to  the 
force  of  gravity  which  is  acting  on  them ;  for  then  every 
heavy  layer  of  water  will  act  like  a  uniformly-loaded  piston  on 
the  surface  below  it,  and  will  therefore  do  nothing  but  exercise 
a  force  tending  to  compress  the  particles  of  the  water 
together,  which  will  be  counteracted  by  the  resistance  of  the 
fluid. 

We  thus  perceive  that  the  surface  of  the  ocean  will  be 
horizontal ;  that  is  to  say,  it  will  be  perpendicular  to  the 
direction  of  the  plumb-line  at  the  place.  For  short  spaces 
this  surface  may  be  regarded  as  a  plane,  but  taken  as  a 
whole  it  will  of  course  form  a  covering  with  a  nearly  spherical 
surface  surrounding  the  globe. 

74-  The  Water  Level  is  a  useful  application  of  this  prin- 


FiG.  25. 

ciple.  Suppose  (Fig.  25)  that  we  have  a  tubular  vessel  contain- 
ing water,  the  ends  of  which  are  bent  at  right  angles  to  the 
middle  part.  When  the  instrument  is  at  rest  there  must  be 
equal  and  opposite  pressures  on  any  particle  in  the  lower 
part  of  the  tube,  otherwise  the  particle  would  move  either  in 
one  direction  or  another ;  hence  the  vertical  height  of  the 
column  of  water  above  it  on  the  left  side  must  be  equal  to 
that  of  the  column  on  the  right,  and  hence  a  line  drawn  from 
the  top  of  the  water  at  the  left  limb  to  the  top  of  that  at  the 
right  will  be  strictly  horizontal,  as  truly  so  as  if  these  were 
portions  of  one  continuous  surface  of  water. 

75.  The  air-bubble  level  or  spirit  lerel  is,  however,  much 
more  convenient  than  the  water  level.  To  understand  its 
principle,  imagine  a  curved  hollow  glass  tube  forming  a 
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portion  of  the  circumference  of  a  circle  of  large  radius,  of 
which  C  is  the  centre. 

Let  this  tube  be  filled  with  spirits  of  wine  or  some  mobile 
liquid,  all  except  a  small  bubble  of  air.  This  air-bubble  will 
always  seek  the  highest  point.  In  the  figure  (Fig.  26)  this 
is  at  A ;  but  suppose  the  whole 
arrangement  turned  round  C,  from 
left  to  right  through  the  angle 
A  c  a',  it  is  clear  that  a'  would 
now  be  the  highest  point,  and 
the  bubble  would  be  found  there. 
If  the  curved  tube  is  gradu- 
ated, we  can  at  once  read  off  on 
its  scale  the  position  of  the  bubble, 
and  thus  ascertain  how  far  the 
instrument  has  been  turned  round 
the  centre. 

In  practice  this  bent  tube  is  firmly  attached  to  a  flat  piece 
of  metal,  as  in  Fig.  27,  and  so  adjusted  that  when  the 
bottom  of  the  instrument  is  horizontal  the  bubble  shall  be 
precisely  in  the  middle. 

Suppose  now  the  instrument  be  tilted  up  to  the  smallest 
degree,  the  bubble  will  no  longer 
rest  in  the  middle  graduation, 
but  at  some  other  point ;  and 
noting  the  number  of  graduated 
divisions  passed  over  by  the 
centre  of  the  bubble,  and  knowing  also  the  value  of  each 
division,  we  shall  know  at  once  the  precise  angular  dis- 
placement from  the  level  position  caused  by  the  tilting  of 
the  instrument. 

76.  Artesian  VTells. — It  sometimes  happens  in  Nature 
that  a  layer  of  water  becomes  collected  between  two  strata 
of  the  earth's  crust,  which  are  imperviable  to  this  fluid.  In 
the  lower  part  of  this  layer  the  water  will  exist  under  con- 
siderable pressure,  due  to  the  height  of  the  highest  point  of 
the  layer  above  the  lowest.  If  therefore  the  surface  of  the 
ground  be  less  than  this  height  above  the  lowest  point  of  the 


Fig.  27 
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layer,  and  if  we  sink  a  well,  the  pressure  of  the  water  at 
the  bottom  of  the  layer  will  be  sufficient  to  drive  the  fluid 
up  the  shaft  of  the  well,  and  to  cause  it  to  flow  over,  and 
even  perhaps  to  rise  in  the  form  of  a  fountain.  Such  wells 
are  called  Artesian  Wells,  the  name  being  derived  from  the 
province  of  Artois,  where  they  were  first  dug  in  modem 
times ;  but  the  method  of  procuring  water  by  this  means 
was  known  to.  the  ancients. 

77.  Pressure  of  Idqnids  contained  in  Vessels. — It  will 
readily  be  gathered  from  what  we  have  said  that  the  pressure 
on  any  layer  of  liquid  contained  in  an  open  vessel  is  propor- 
tional to  its  depth  below  the  surface. 

The  pressure  is,  in  fact,  due  to  the  weight  of  the  super- 
incumbent column  of  the  liquid. 

Thus  the  weight  of  one  cubic  centimetre  of  distilled  water 
is  one  granmie.  If,  therefore,  we  have  a  vessel  of  pure 
water,  the  pressure  of  the  fluid  against  a  square  centimetre 
of  surface  inmiersed  in  the  water  at  the  distance  of  one 
centimetre  below  the  surface  will 
be  one  gramme.  This  surface,  in 
fact,  sustains  the  weight  of  one 
cubic  centimetre ;  that  is  to  say, 
of  one  gramme  of  water  above  it. 
This  pressure  acts  by  Pascal's  law 
in  all  directions,  upwards  as  well 
as  downwards,  and  the  upward 
pressure  of  a  layer  of  water  may 
be  shown  by  means  of  the  follow- 
ing simple  experiment : — 

Let  there  be  a  large  glass  tube, 
open  at  both  ends,  and  let  the 
one  end  of  it  be  ground  flat,  so 
as  to  be  capable  of  being  fitted  with  a  ground  glass  cover 
having  a  string  attached  to  it.  Fit  the  tube  with  this 
cover,  thus  giving  it  a  loose  bottom,  and,  retaining  in  the 
hand  the  string  attached  to  this  bottom,  plunge  the  tube 
into  a  vessel  nearly  full  of  water.  If  the  string  be  now  let 
%o^  the  loose  bottom  will  not  leave  the  tube,  but  will  cHng 
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to  it,  being  kept  tightly  fastened  to  it  by  the  upward-bearing 
pressure  of  the  water. 

Now  fill  the  tube  itself  with  water,  and  whenever  the  water 
in  the  tube  attains  the  same  level  as  that  in  the  vessel,  the 
bottom  will  leave  the  tube,  thereby  showing  that  the  upward- 
bearing  pressure  on  the  bottom  of  the  tube  is  equal  to  the 
weight  of  a  column  of  water  extending  from  this  bottom  to 
the  surface  of  water  in  the  vessel. 

78.  The  following  examples  will  serve  to  illustrate  the 
subject : — 

Example  I. — A  hollow  cubic  d^cim^tre,  open  at  the  top, 
is  filled  with  water  ;  what  will  be  the  pressure  on  the  bottom 
and  sides?  Answer. — The  depth  being  lo  centimtoes 
there  will  be  on  each  square  centimetre  of  the  bottom  a 
pressure  equal  to  that  of  a  column  of  water  i  centimetre 
square  and  lo  centimetres  high — that  is  to  say,  lo  grammes  ; 
and  there  being  loo  square  centimetres  in  i  square  deci- 
metre, the  total  pressure  on  the  bottom  will  be  loo  X  lo  = 
i,ooo  grammes.  This  will,  in  fact,  be  the  weight  of  the 
water  which  the  vessel  contains,  and  which  is  supported  by 
the  bottom. 

Next,  with  regard  to  the  sides ;  by  the  law  of  Pascal, 
since  the  pressure  is  transmitted  in  all  directions,  there  will 
be  on  each  small  unit  of  area  at  the  bottom  of  one  of  the 
sides  a  pressure  represented  by  a  column  of  water  having 
this  area  for  its  base,  and  lo  centimetres  high,  while,  on 
the  other  hand,  the  pressure  on  any  small  unit  of  area  at  the 
top  of  the  side  will  be  nothing,  since  it  is  just  at  the  top  of 
the  water. 

The  mean  pressure  upon  a  side  will  therefore  be  repre- 
sented for  unit  area  by  the  mean  of  these  two  extreme  pres- 
sures ;  that  is  to  say,  by  a  column  of  water  equal  to^-^I — ,  or 

5  centimetres  high,  pressing  upon  the  side. 

But  the  area  of  the  side  is  loo  centimetres.  Hence  loo 
X  5  =  500  granmies  will  be  the  whole  pressure  against  any 
side ;  so  that  were  a  side  moveable  outwards  by  a  hinge 
from  the  bottom  it  would  be  necessary  to  apply  at  the  proper 
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point  a  pressure  of  500  grammes  pressing  inwards,  in  order 
to  resist  the  pressure  of  the  water  tending  to  push  the  side 
outwards. 

Example  II. — A  vessel  contains  water  to  the  depth  of  a 
d^cim^tre,  and  one  of  the  sides  of  this  vessel  is  a  rectangfular 
surface,  the  bottom  of  which  is  one  d^cim^tre,  while  the 
side  slopes  at  an  angle  of  45° ;  what  is  the  whole  pressure 
on  this  side.'^  Answer, — The  whole  surface  of  this  side 
is  100  square  centimetres  X  4^^  and  the  mean  pressure 
on  one  square  centimetre  of  the  side  is  as  in  Example  I., 

— i =   5  grammes,  and  this  pressure,  by  the  law  of 

Pascal,  acts  perpendicularly  to  the  side.  Hence  the  whole 
pressure  against  the  side  will  be  500  /s/2. 

7©.  We  have  hitherto  considered  the  pressures  on  the  sides 
of  a  vessel  containing  water ;  but  if  the  liquid  be  other  than 
water,  the  pressure  will  of  course  be  different.  Thus  if  the 
liquid  be  mercury,  which  is  13*6  times  heavier  bulk  for  bulk 
than  water,  the  pressures  which  we  have  calculated  for  water 
.  will  have  to  be  increased  in  this  proportion.  Or  if  the  liquid 
be  alcohol,  which  is  bulk  for  bulk  only  o'8  times  as  heavy  as 
water,  the  pressures  will  be  less  in  this  proportion. 

In  fact,  the  pressure  will  be  proportional  to  the  density  of 
the  liquid. 

80.  Flotation. — Suppose  now  that  in  the  midst  of  a  vessel 
of  water  a  portion  of  the  water  were  suddenly  to  become  rigid, 
retaining  however  its  density,  its  volume,  and  all  its  other 
properties  unaltered.  This  will  not  alter  the  conditions  of 
equilibrium,  because  rigidity  merely  means  an  indisposition 
to  certain  kinds  of  motion ;  but  since  the  system  was  in 
equilibrium  there  was  no  disposition  to  move  before  the 
rigidity  commenced,  and  hence  the  portion  of  water  suddenly 
become  rigid  will  remain  in  equilibrium,  and  will  therefore 
not  alter  its  position,  but  will  still  remain  suspended  in  the 
centre  of  the  liquid.  Now  this  isolated  rigid  portion  will  be 
attracted  downwards,  by  the  force  of  gravity  represented  by 
its  own  weight ;  but  since  it  remains  at  rest,  this  force  must 
be  counteracted  by  an  equal  but  opposite  force,  due  to  the 
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pressure  of  water  in  which  it  is  immersed.  It  thus  appears 
that  the  buoyancy  or  floating  power  of  a  fluid  is  sufficient  to 
counteract  the  weight  of  a  solid  substance  immersed  in  it, 
and  of  the  Same  density  «>  itself.  If,  however,  a  solid  im- 
mersed in  a  fluid  be  of  greater  density  than  this  fluid,  the 
upward  pressure  will  not  be  sufficient  entirely  to  overcome 
the  weight  of  the  solid,  but  it  appear  to  lessen  it  by  the 

weight  of  its  own  volume  of  the  fluid  in  which  it  rests.  If 
left  to  itself,  such  a  solid  will  therefore  sink  to  the  bottom; 
or  if  supported  by  a  thread,  it  will  act  as  a  heavy  body,  but 
not  with  the  force  due  to  its  whole  weight,  but  with  a  force 
less  than  this  by  the  weight  of  its  own  bulk  of  the  fluid  in 
which  it  is  weighed. 

If,  however,  the  solid  be  lighter  than  the  fluid,  it  will  not 
sink  therein,  but  a  certain  portion  of  its  volume  will  become 
immersed,  such  that  the  weight  of  a  volume  of  the  fluid  equal 
to  this  immersed  portion  shall  be  equal  to  the  whole  weight 
of  the  solid.  Thus,  for  instance,  a  cube  of  wood,  of  a  den- 
sity =  o*8  of  that  of  water,  is  put  into  a  vessel  containing 
water  ;  what  portion  of  its  side  will  be  immersed  ?  Answer, 
— Eight-tenths ;  for  then  the  weight  of  the  volume  of  water 
displaced  by  these  eight-tenths  will  precisely  equal  the  whole 
weight  of  the  cube. 

The  fact  that  a  body  weighed  in  water  becomes  apparently 
lighter  by  a  weight  equal  to  that  of  its  own  volume  of  the 
water  in  which  it  rests,  may  be  rendered  evident  by  means  of 
the  apparatus  exhibited  in  Figure  28A.  Here  A  is  a  hollow 
brass  cylinder  or  bucket  into  which  the  solid  brass  piston  or 
plug  B  accurately  fits.  Also  B  is  capable  of  being  hung  by  a 
hook  from  A  as  in  the  figure. 

Now  weigh  them  both  together  in  air  and  obtain  an  equilibri- 
um. Then  let  B  be  immersed  in  water  while  A  is  still  in  air, 
as  in  the  figure.  The  equilibrium  will  now  no  longer  subsist,  but 
it  will  be  restored  if  we  fill  A  to  the  brim  with  water,  thus  show- 
ing that  when  B  is  in  water  it  becomes  apparently  lighter  by 
the  weight  of  its  own  bulk  of  water,  since  evidently  the  water 
which  fills  A  has  the  same  volume  as  B, 

It  is  easy  to  show  that  the  weight  which  a  body  suspended 
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in  water  apparently  loses  is  borne  by  the  water  vessel,  which 
in  consequence  becomes  so  much  heavier.  If,  for  instance, 
we  were  to  suspend  the  vessel  of  the  figure  half  filled  with 
water  from  the  scale  of  the  balance  and  then  immersed  in 
the  water  the  cylinder  B  attached  to  an  independent  support, 


Fig.  28A, 


we  should  find  that  the  water  vessel  would  become  apparently 
heavier  by  the  exact  amount  which  B  loses  when  weighed  in 
water. 

81.  Specific  Ghravlty.— By  taking  advantage  of  the  property 
of  liquids  now  mentioned,  we  are  furnished  with  a  means 

G  2 
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(first  discovered  by  Archimedes)  of  ascertaining  the  specific 
gravity,  or,  to  speak  more  properly,  the  relative  density  of 
bodies. 

Suppose,  for  instance,  we  take  distilled  water  at  the  tem- 
perature when  it  has  its  maximum  density  (4°  C.)  as  our 
standard,  and  call  its  density  unity.  Suppose,  also,  that  a 
substance  weighs  in  vacuo  120  grammes,  and  when  immersed 
under  water  at  4°  C.  only  89  grammes.  It  is  thus  when  in 
water  apparently  lighter  by  31  grammes,  and  this,  according 
to  the  foregoing  principles,  will  be  the  weight  of  its  own  bulk 
of  water.  Now,  obviously  the  density  of  the  substance  will 
bear  the  same  proportion  to  the  density  of  water  as  the 
weight  of  the  substance  bears  to  the  weight  of  its  bulk  of 
water ;  that  is  to  say,  density  of  substance  :  density  of  water 

120 
or  unity  :  :  120  :  31,  and  therefore  the  density  will  be  —  = 

3*87.  Hence  we  have  the  following  simple  rule  : — Divide  the 
whole  weight  of  a  solid  body  by  its  loss  of  weight  when 
weighed  in  water  at  4°  C,  and  the  quotient  will  represent 
the  specific  gravity  or  comparative  density  of  the  body  at  this 
temperature. 

This  method,  however,  will  only  give  us  the  specific  gravity 
of  solids ;  but  we  can  obtain  that  of  liquids  by  means  of 
similar  principles. 

Suppose,  for  instance,  we  wish  to  ascertain  the  specific 
gravity  of  a  liquid.  Let  us  weigh  a  solid  body  first  in  water, 
and  let  its  loss  of  weight  be  31  grammes.  Let  us  now  weigh 
the  solid  in  the  liquid,  and  let  its  loss  of  weight  be  28 
grammes.  This  latter  loss  will  represent  the  weight  of  a 
quantity  of  the  liquid  equal  in  volume  to  the  solid,  while 
31  will  represent  the  weight  of  the  same  volume  of  water. 
Hence — 

Density  of  the  liquid :  density  of  water  ;   :  28   :  31,  and 

hence  the  specific  gravity  of  the  liquid  will  be  —  =•  0*903. 

In  the  following  table  we  have  the  specific  gravities  of  a 
few  of  the  most  important  solids  and  liquids,  the  comparison 
being  made  at  the  zero  of  centigrade,  and  the  standard  of 
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density  being  that  of  water  at  its  point  of  maximum  density, 
or  4°  C.  :— 

Platinum  (rolled) 22*069 

Gold  (forged)       19*362 

Lead  (cast) 1 1*352 

Silver  (cast) io*474 

Copper  (cast) 8788 

Brass 8*383 

Iron  (bar) .  7788 

Iron  (cast) 7*207 

Tin  (cast) 7*291 

Zinc  (cast) 6*86i 

Diamond  (maximum)   ....  3'53i 

Flint  glass       3*329 

Ivory I'9I7 

Melting  ice 0*918 

Beech 0*852 

Yellow  pine 0*657 

Cork       0*240 

Mercury ^3*598 

Sulphuric  acid 1*841 

Hydrochloric  acid 1*240 

Nitric  acid 1*217 

Sea  water 1*026 

Absolute  alcohol 0*803 

Ether 0*723 

8fl.  CapillAiT  Phenomena. — When  open  tubes,  having  a 
very  small  bore,  are  placed  in  vessels  containing  liquids,  we 
have  certain  phenomena  which  appear  at  first  sight  to  contra- 
dict the  laws  which  we  have  just  stated.  If,  for  instance,  a 
glass  tube  of  this  kind  be  placed  in  a  vessel  containing  water, 
the  level  of  the  water  in  the  tube  will  be  above  that  of  its 
general  surface ;  also  the  surface  of  the  water  in  the  tube 
will  be  concave,  the  whole  appearance  presented  being  that 
of  Fig.  29. 

But  if  the  same  tube  be  placed  in  a  vessel  of  mercury,  the 
level  of  the  mercury  in  the  tube,  instead  of  being  above  that 
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of  the  general  surface,  will  be  below  it,  as  in  Fig.  30,  while 
the  surface  will  be  convex,  and  not  concave. 

The  narrower  the  bore  of  the  tube  the  more  pronounced 
will  these  phenomena  be ;  and  if  a  substance  full  of  small 
pores,  such  as  a  lump  of  sugar,  be  placed  with  its  lower 
extremity  in  water,  the  ascent  of  the  water  into  the  sugar  will 
soon  moisten  the  whole  lump. 

But  it  is  only  when  the  fluid  is  capable  of  moistening  the 
sides  of  the  tube  that  it  will  ascend,  so  that  we  have  two 
kinds  of  capillary  action^  in  one  of  which  the  liquid  ascends y 
wets  the  tube,  and  has  a  concave  surface,  and  in  the  other  of 
which  it  descends,  does  not  wet  the  tube,  and  has  a  convex 
surface. 

Also  the  capillary  ascent  or  depression  is  inversely  pro- 
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Fig.  30. 


portional  to  the  diameter  of  the  tube,  so  that  with  a  narrow 
tube  we  have  a  considerable  difference  of  level  owing  to 
capillarity.  The  ascent  of  oil  in  lamp-wicks,  the  diffusion  of 
moisture  throughout  the  earth,  the  action  of  blotting-paper, 
sponges,  and  porous  substances  generally,  afford  illustrations 
of  the  laws  of  capillarity.  An  explanation  of  these  laws  will 
be  found  in  Appendix  B,  attached  to  this  volume. 

83.  Bndosmose  and  Ezosmose. — Certain  phenomena 
which  much  resemble  capillarity  are  produced  when  two 
different  liquids  are  separated  by  a  membranous  partition. 
In  this  case,  generally,  there  is  a  carriage  of  both  liquids 
across  the  membrane,  but  of  the  one  liquid  more  than  the 
other,  so  that  there  is  an  increase  of  substance  on  the  one 
side,  and  a  diminution   of  substance  on  the  other.     The 
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current  which  sets  so  as  to  increase  the  volume  is  called 
endosmose,  and  when  it  sets  in  the  opposite  direction  it  is 
called  exosmose. 

Thus,  for  instance,  if  a  strong  syrup  be  placed  in  a  membra- 
nous bag,  and  the  whole  immersed  in  water,  it  will  be  found 
that  the  amount  of  substance  in  the  bag  has  increased,  owing 
to  some  of  the  water  having  entered  ;  and  at  the  same  time 
it  will  be  found  that  some  of  the  syrup  has  mixed  with  the 
water  outside. 


Lesson  XII.— Forces  exhibited  in  Gases. 

84>.  We  have  seen  that  in  liquids  the  force  of  cohesion  has 
not  entirely  vanished,  but  in  gases  there  is  no  trace  of  such  a 
force,  instead  of  which  we  have  apparent  repulsion  exerted 
between  the  various  particles,  so  that  a  gas,  however  small 
in  quantity,  will  always  fill  the  vessel  in  which  it  is  held. 
Nevertheless,  a  gas,  like  all  other  substances,  possesses  mass 
and  weight.  When  we  proceed  to  describe  the  Barometer, 
it  will  be  shown  that  our  atmosphere  has  weight,  but  in  me 
meantime  an  experiment  may  be  given  illustrating  the 
weight  of  a  gas. 

Let  a  large  glass  flask  be  accurately  fitted  with  a  stop-cock, 
and  also  at  the  extremity  of  the  cock  with  a  screw,  by  means 
of  which  it  can  be  attached  to  the  receiver  of  an  air-pump. 
First  of  all  let  the  flask,  having  its  stop-cock  open,  and  being 
of  course  filled  with  air,  be  weighed,  and  attached  to  the  scale- 
pan  of  a  balance.  Let  it  then  be  carried  to  a  pump,  and  let  the 
air  which  it  contains  be  withdrawn ;  let  the  stop-cock  be  now 
shut,  and  the  flask  again  weighed  in  the  balance  after  it  has 
been  thus  deprived  of  air.  Its  weight  will  now  be  found  to 
be  sensibly  less.  Let  it  next  be  filled  with  hydrogen  gas  and 
again  weighed,  its  weight  will  now  be  found  greater  than  when 
it  was  empty,  but  less  than  when  filled  with  air.  Finally,  let  it 
be  filled  with  carbonic  acid  gas,  and  it  will  be  found  to  weigh 
heavier  than  when  filled  with  air.  We  thus  perceive  that  gases 
have  weight,  and  that  some  gases  weigh  more  than  others, 
hydrogen  being  lighter  than  air,  and  carbonic  acid  heavier. 
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85.  Just  as  solids  are  converted  into  liquids  by  the 
application  of  heat,  so  liquids  are  converted  into  gases  by- 
increasing  the  heat.  Thus  at  o°  C.  ice  is  converted  into  water, 
and  at  ioo°  C.  water  is  converted  into  steam,  which  is  a  gas. 

We  must  not,  however,  imagine  from  this  example  that 
gases  are  visible.  The  visible  cloud  arising  from  a  kettle  or 
a  railway  engine  is  not  true  steam ;  it  is  rather  small  particles 
of  water,  into  which  the  steam  has  condensed  through  contact 
with  the  cold  air. 

Often,  however,  near  the  spout  of  a  kettle  or  the  funnel  of  a 
locomotive,  the  matter,  which  we  know  to  be  issuing  out,  is 
nevertheless  invisible.    Then  it  is  true  steam. 

Elastic  fluids  have  been  divided  for  convenience'  sake  into 
eases  and  Tapours. 

A  gas  denotes  a  substance  which  at  ordinary  temperatures 
remains  gaseous ;  and  a  vapour  denotes  a  substance  in  the 
gaseous  form  which  at  ordinary  temperatures  is  solid  or 
liquid.  Thus,  for  instance,  steam  is  a  vapour,  because  the 
substance,  water,  from  which  it  issues  ordinarily  appears  as  a 
liquid,  and  can  only  be  driven  off  into  vapour  through  the 
application  of  heat 

Carbonic  acid,  on  the  other  hand,  is  a  gas,  and  can  only  be 
brought  into  the  liquid  or  solid  state  through  intense  pressure 
or  intense  cold.  All  gases  have  at  length  been  forced  into 
the  liquid  state  through  the  joint  effect  of  these  agents  ;  but 
six  substances  had  until  recently  withstood  all  attempts  to 
liquefy  them,  these  being  oxygen,  hydrogen,  nitrogen,  nitric 
oxide,  carbonic  oxide,  and  marsh  gas. 

On  the  other  hand,  there  are  some  substances  which  can 
only  be  driven  into  the  state  of  vapour  through  the  most 
intense  application  of  heat ;  and  these  are  called  refractory 
substances.     Carbon  is  a  body  of  this  nature. 

86.  The  Atmosphere. — The  gaseous  body  with  which  we 
are  best  acquainted  is  our  own  atmosphere.  It  is  chiefly 
composed  of  the  two  elementary  gases,  oxygen  and  nitrogen, 
mixed  together  in  the  proportion  of  23  parts  by  weight  of 
oxygen,  and  "]*]  parts  by  weight  of  nitrogen  ;  there  is  likewise 
a  little  carbonic  acid  gas  and  a  trace  of  ammonia  in  the 
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atmosphere.  Besides  this  it  contains  a  variable  proportion 
of  aqueous  vapour,  which  sometimes  exists  in  it  in  a  strictly 
gaseous  invisible  form,  and  is  sometimes  deposited  in  the 
form  of  a  cloud. 

When  animals  breathe,  or  when  combustion  takes  place, 
the  oxygen  of  the  air  is  thereby  converted  into  carbonic  acid 
gas.  If  this  process  were  to  go  on  without  being  remedied, 
the  air  would,  in  the  course  of  ages,  gradually  deteriorate,  losing 
its  oxygen,  until  it  became 
unfit  for  the  respiration  of 
animals.  But  a  check  is 
put  upon  this  by  plants,  in 
which  the  reverse  process 
takes  place ;  that  is  to  say, 
instead  of  inhaling  oxygen 
and  giving  out  carbonic 
acid,  they  inhale  carbonic 
acid  and  give  out  oxygen ; 
and  thus,  by  the  joint  action 
of  the  animal  and  vegetable 
kingdom,  a  balance  is  kept 
up,  and  the  condition  of 
the  atmosphere  remains 
unchanged. 

87,  itB  Welgbt.— The  at- 
mosphere possesses  weight, 
and  hence  presses  upon  the 
substances  at  the  earth's 
surface  ;  but  being  a  fluid,  this  pressure  is  by  the  law  of  Pascal 
transmitted  in  all  directions.  Thus  a  piece  of  paper  is  not 
forcibly  held  to  the  ground  by  the  weight  of  the  atmosphere 
above  it,  but  there  is  as  much  upward  pressure  upon  its  under 
surface  as  there  is  downward  pressure  upon  its  upper  surface  ; 
and  so  we  fail  to  perceive  the  traces  of  any  pressure. 

One  of  the  most  interesting  experiments  in  illustration  of 
this  equality  in  all  directions  of  atmospheric  pressure  is  that 
of  the  Magdeburg  hemispheres,  so  called  from  Otto  von 
Guericke,  burgomaster  of  Magdeburg,  who  first  invented 
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them.  They  consist  of  two  hollow  brass  cups  (Fig.  31), 
capable  of  being  fitted  very  accurately  together.  The  lower 
of  these  two  cups  has  a  stop-cock  attached  to  it,  and  is  like- 
wise capable  of  being  screwed  on  to  the  receiver  of  an  air- 
pump,  by  which,  when  the  two  cups  are  joined  together,  the 
whole  may  be  deprived  of  air.  If  this  be  done  and  the 
stop-cock  be  shut,  the  hemispheres  may  then  be  detached 
from  the  pump,  and  it  will  be  found  impossible  without  a 
very  great  effort  to  force  them  asunder.  As  soon,  however, 
as  the  stop-cock  is  opened  so  as  to  admit  the  air,  they  will 
come  asunder  with  the  greatest  ease.  The  reason  of  their 
being  forced  together  when  exhausted  arises  from  the  fact 
that  in  this  state  the  air  presses  them  together  from 
without,  while  there  is  no  air  within  to  counteract  this 
pressure ;  as  soon,  however,  as  air  is  introduced  into  the 
interior,  this  pressure  is  counteracted,  and  they  may  be 
separated  with  ease. 

88.  The  Barometer. — Torricelli,  a  pupil  of  Galileo,  was 
the  first  to  devise  an  instrument  by  which  the  pressure  of  the 
air  can  be  accurately  measured. 

It  had  long  been  remarked  that  in  the  ordinary  lifting 
pump  when  the  piston  was  drawn  up  the  water  followed  it, 
and  the  reason  alleged  was  only  a  quaint  way  of  expressing 
the  fact  without  assigning  any  cause.  It  was  said  that 
Nature  abhorred  a  vacuum  ;  but  it  was  afterwards  found 
that  this  abhorrence  only  extended  to  the  height  of  about 
thirty  feet,  and  that  if  the  piston  was  raised  higher  than  this 
the  water  would  not  follow  it.  Torricelli  rightly  conceived 
that  this  was  an  effect  of  the  pressure  of  the  air,  and  that  if 
we  make  use  of  a  heavier  fluid  than  water,  this  will  refuse  to 
mount  long  before  the  water  will.  In  fact  the  fluid,  he 
argued,  will  rise  in  a  tube  which  is  a  vacium  to  such  a 
height  that  the  downward  pressure  of  the  column  will  exactly 
balance  the  upward  pressure  of  the  air. 

With  this  purpose  he  procured  a  glass  tube  more  than 
thirty  inches  long,  shut  at  the  one  end  and  open  at  the  other, 
and  having  filled  it  with  mercury  (Fig.  32),  which  is  more 
than  thirteen  times  heavier  than  water,  inverted  the  tube 
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into  a  basin  of  the  same  fluid,  and  found  that  the  mercury 
remained  suspended  in  the  tube  to  the  height  of  about  760 
millimetres  above  the  level  of  that  in  the  basin,  while  the 
space  above  the  top  of  the  mercury  in  the  tube  was  entirely 
empty. 

He  therefore  concluded 
that  the  pressure  of  the  at- 
mosphere is  such  as  to  sus- 
tain a  column  of  mercury 
760  millimetres  in  height, 
so  that  the  whole  weight  of 
our  atmosphere  would  be 
equal  to  that  of  an  ocean  of 
mercury  surrounding  the 
globe,  and  about  760  milli- 
metres high. 

This  inverted  tube  is 
called  a  Barometer,  which 
means  an  instrument  for  as- 
certaining the  weight  of  the 
air  ;  and  the  vacuum  above 
the  column  of  mercvuy  in  a 
barometer  tube  is  called  the 
Torricellian  Tacumn;  it  is 
one  of  the  most  perfect  that 
can  be  produced. 

89.  Pascal's  Experiments. 
—The  truth  of  Torricelli's 
discovery  was  verified  in  a 
different  manner  by  Pascal. 
Arguingthat  the  atmosphere 
is  an  ocean,  he  imagined 
that    the   pressure   of  this 

ocean  will  vary  with  its  depth  ;  that  is  to  say,  if  we  ascend  a 
mountain,  and  leave  a  quantity  of  the  heavy  matter  of  the 
air  below  us,  the  pressure  will  be  proportionally  diminished. 

Accordingly,  on  ascending  an  elevated  mountain  termed 
the  Puy  de  Dome,  he  found  that  at  the  top  the  mercurial 
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column  read  nearly  three  inches  lower  than  at  the  bottom, 
which  he  correctly  attributed  to  the  weight  of  air  left  beneath. 
Of  late  years  the  height  of  the  mercurial  column  in  a 
barometer  has  been  very  extensively  used  in  ascertaining 
the  height  of  mountains,  which  can  thus  be  determined, 
although  not  with  the  same  accuracy  as  by  trigonometrical 
measurement. 

The  behaviour  of  the  barometer  is  probably,  to  some  extent, 
an  index  of  the  weather  that  is  about  to  follow  ;  but  in  using 
the  indications  of  the  barometer  for  this  purpose,  it  is  desir- 
able to  compare  together  the  records  at  different  places,  and 
not  trust  too  much  to  those  at  any  one  place.  Generally 
speaking,  when  there  is  very  rapid  movement  in  the  barome- 
ter much  atmospheric  disturbance  may  be  expected,  and  there 
will  be  a  conveyance  of  air  from  those  districts  where  the 
barometer  is  high,  that  is  to  say,  where  there  is  a  surplus  of 
air,  to  those  districts  where  it  is  low,  that  is  to  say,  where  the 
air  is  deficient  in  quantity. 

90.  Boyle's  Law. — We  have  said  that  we  do  not  feel  the 
effects  of  the  atmospheric  pressure  because  it  is  exerted  in  all 
directions.  Thus,  if  we  have  a  flask  full  of  air  provided  with 
a  stop-cock,  and  shut  the  stop-cock  in  the  open  air,  the  glass 
of  the  flask  will  not  be  subject  to  any  pressure  on  account  of 
the  air.  There  will,  no  doubt,  be  a  very  strong  pressure  of 
the  atmosphere  upon  its  outer  surface ;  but  the  air  which  it 
contains,  and  which  has  been  shut  off  when  in  a  state  of  equi- 
librium with  the  outer  air,  will  exert  just  as  much  pressure 
from  within  upon  the  flask,  but  in  an  opposite  direction ; 
there  will  thus  be  no  tendency  either  to  force  the  sides 
of  the  flask  in,  or  to  force  them  asunder.  If,  however,  by 
any  method  we  abstract  a  portion  of  the  air  within  the 
flask,  this  state  of  things  will  be  altered.  The  pressure  of 
the  particles  within  will  now  no  longer  be  able  to  equal  that 
of  the  atmosphere  without,  and  the  tendency  will  be  to  press 
together  the  sides  of  the  flask.  Now,  it  is  found  that  if  we 
take  away  half  the  mass  of  the  air  within  the  flask,  the  pres- 
sure on  one  square  unit  of  surface  will  only  be  one-half  of 
what  it  was  ;  or  if  we  take  away  three-quarters  of  the  whole 
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Fig.  34. 


mass,  so  as  only  to  leave  one-quarter,  the  pressure  will  be 
only  one- quarter  of  what  it  was,  and  so  on.  That  is  to  say, 
the  pressure  of  a  quantity  of  air  shut  up  in  a  fiask  in  this 
manner  will  be  proportional  to  its  mass  or  to  its  density. 

This  law  was  discovered  by  Boyle,  to  whom  it  was  put  in 
a  slightly  different  form.  The 
truth  of  the  law  will  be  seen 
from  the  following  simple  experi- 
ment :  —  Let  us  take  a  tube 
shaped  as  in  Fig.  33,  shut  at  one 
end,  and  having  a  uniform  bore 
throughout,  and  suppose  that  \\ 
contains,  separated  from  the  at- 
mosphere by  a  little  mercury,  a 
quantity  of  air,  filling  the  tube  A  B. 
This  air,  let  us  suppose,  exists 
at  the  ordinary  atmospheric  pres- 
sure, equal  to  that  of  760  milli- 
metres of  mercury,  and  is  the 
same  in  all  respects  as  the  outer  air. 

Let  us  now,  as  in  Fig.  34,  pour  a  quantity  of  mercury  into 
the  long  leg  of  the  tube  until  the  level  of  the  mercury  in  this 
leg 'is  760  millimetres  above  that  of  the  mercury  in  the  shut 
part.  This  difference  of  level  will  cause  a  pressure  tending 
to  compress  the  air  in  a'b'  equal  to  that  of  a  column  of  760 
millimetres  of  mercury. 

Besides  this  we  have  the  pressure  of  the  outer  air,  conveyed 
through  the  mercury,  tending  also  to  press  together  the  air 
in  a'b'.  Hence  altogether  we  have  a  pressure  equal  to  1,520 
millimetres  of  mercury,  or  that  of  two  atmospheres,  tending 
to  press  together  this  air,  whereas  in  the  first  figure  there  was 
only  the  pressure  of  one  atmosphere.  It  will  be  found  that 
under  this  double  pressure  the  air  will  only  occupy  half  the 
volume  ;  that  is  to  say,  A'B'  will  be  one-half  of  A  B :  had  the 
pressure  been  tripled,  the  volume  would  have  been  reduced 
to  one-third ;  in  fact,  the  volume  varies  inversely  as  the 
pressure^  and  this  is  the  law  of  Boyle. 

It  will  easily  be  seen  that  this  is  only  another  form  of  the 
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previously  stated  law  that  the  pressure  of  air  varies  as  its 
density  ;  for  since  there  is  the  same  quantity  of  air  in  A'  b'  as 
in  A  B,  and  since  the  volume  a'  b'  is  only  one-half  of  A  B,  it 
follows  that  the  density  of  the  air  in  a'  b'  is  double  of  what  it 
is  in  A  B ;  but  the  pressure  is  also  double,  and  hence  the 
pressure  is  proportional  to  the  density. 

In  what  we  have  stated  it  is  supposed  that  the  tempera- 
ture has  remained  the  same  throughout.  It  will  be  after- 
wards shown  how  the  pressure  of  a  gas  varies  with  its 
temperature. 

91.  It  thus  appears  that  when  a  quantity  of  air  is  inclosed 
in  a  vessel,  it  presses  against  the  sides  of  the  vessel  in  all 
directions,  and  is  in  this  respect  very  different  from  water, 
which  assumes  a  definite  surface ;  it  further  appears  that 
this  pressure  on  a  square  unit  of  surface  is  proportional  to 
the  mass  of  air  contained  in  the  vessel,  the  temperature 
remaining  the  same.  This  fact  of  gaseous  pressure  has 
induced  many  philosophers  to  imagine  that  the  particles  of  a 
gas  are  continually  moving  about  in  all  directions,  knocking 
against  one  another,  and  against  the  sides  of  the  vessel  that 
contains  them,  and  that  it  is  the  accumulated  effect  of  these 
blows  that  constitutes  gaseous  pressure.  This  theory  would 
appear  to  afford  a  good  explanation  of  the  fact  that  gaseous 
pressure  is  proportional  to  the  density  of  the  gas.  In  order 
to  give  our  ideas  a  tangible  form,  let  us  suppose  that  a  hollow 
cubic  m^tre  is  filled  with  gas,  the  particles  of  which  are 
exactly  one  millimetre  apart.  There  will  therefore  be  i,ooo 
X  I, coo  X  I, GOO,  or  one  thousand  million  particles  in  the 
vessel. 

Suppose,  now,  that  air  is  abstracted  until  the  distance  be- 
tween two  contiguous  particles  is  increased  to  2  millimtoes. 
There  will,  therefore,  be  500  X  500  X  500,  or  one  hundred 
and  twenty-five  million  particles  in  the  vessel,  so  that  the 
mass  will  be  only  one-eighth  of  what  it  was. 

Now,  in  the  first  case  there  would  be  1,000  X  1,000,  or  one 
million  particles  in  immediate  contact  with  one  of  the  sides 
of  the  vessel,  so  that  we  should  have  a  million  little  balls 
knocking  against  that  side ;  and  when  these  had  delivered 
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their  blows,  the  layer  immediately  behind  them  would  follow, 
let  us  say  (to  fix  our  thoughts)  at  the  interval  of  half  a  second, 
and  there  would  thus  be  two  million  blows  delivered  in  one 
second. 

But,  in  the  second  instance,  there  are  only  500  X  500,  or 
250,000  particles  in  contact  with  one  of  the  sides,  so  that  there 
will  only  be  this  number  of  blows  delivered  instead  of  the 
milUon  in  the  previous  case.  But  when  these  blows  have 
been  delivered,  we  shall  have  to  wait  twice  as  long  as  in  the 
previous  instance,  or  one  second  instead  of  half  a  second,  for 
the  next  broadside,  for  the  second  row  of  particles  have  now 
two  millimetres  instead  of  one  to  travel  in  order  to  come  up 
to  the  side  of  the  vessel  and  deliver  their  blows,  so  that  we 
shall  have  only  250,000  blows  delivered  in  one  second  instead 
of  2,000,000,  which  was  the  number  in  the  first  case.  We 
shall,  therefore,  have  only  one-eighth  of  the  number  of  blows 
delivered  in  the  same  time,  and  hence  the  pressure  will  be 
reduced  eight  times,  which  is  also  the  proportion  in  which 
the  density  was  reduced. 

02.  Buoyancy  of  Air. — Gases  as  well  as  liquids  possess 
buoyancy ;  and  just  as  a  body  immersed  in  water  is  rendered 
lighter  by  the  weight  of  its  bulk  of  water,  so  a  body  immersed 
in  air  is  rendered  lighter  by  the  weight  of  its  bulk  of  air. 

A  very  good  experiment  in  illustration  of  this  is  to  attach 
to  one  arm  of  a  balance  a  large  hollow  globe,  and  to  counter- 
poise it  by  a  small  and  heavy  solid  attached  to  the  other  arm 
(Fig.  35),  so  that  in  atmospheric  air  the  weight  of  the  two 
arms  is  exactly  the  same.  If  the  balance  be  now  placed 
under  the  receiver  of  an  air-pump,  and  then  exhausted,  the 
two  arms  will  no  longer  be  in  equilibrium,  but  the  weight  of 
the  globe  will  preponderate.  The  reason  of  this  is  that  in 
vacuo  we  obtain  the  true  weight,  so  that  the  globe  is  really 
heavier  than  the  solid  used  to  counterpoise  it ;  but  as  the 
volume  of  the  globe  is  much  larger  than  that  of  the  counter- 
poise, the  former  will  apparently  lose  more  in  weight  through 
the  buoyancy  of  the  air  than  the  latter,  and  hence  in  air  they 
may  appear  to  be  of  equal  weight,  although  the  globe  is  in 
rezdity  the  heavier. 
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When  a  large  globe  is  filled  with  some  gas,  such  as  hydro- 
gen or  coal  gas,  that  is  lighter  bulk  for  bulk  than  air,  it  will 
on  account  of  this  buoyancy  strive  to  rise  in  the  atmosphere, 
just  as  a  piece  of  cork  will  strive  to  rise  in  water.  A  baUoon 
rises  from  this  cause  ;  it  is  filled  with  hydrogen,  or  coal-gas, 
and  the  united  weight  of  this  gas,  of  the  balloon  itself,  and 
of  that  which  its  car  contains,  must  always  be  less  than  the 
weight  of  the  same  bulk  of  air  in  order  that  the  balloon  may 
rise. 


Fig.  35. 

We  shall  now  describe  the  construction  of  several  in- 
struments which  depend  for  their  action  on  the  pressure  of 
the  air. 

93.  Air-pnmp. — The  intention  of  this  instrument  is  to  de- 
prive a  vessel,  as  far  as  possible,  of  the  air  which  it  contains, 
and  this  is  done  in  the  following  way : — 

Let  V  (Fig.  36)  denote  a  vessel  of  glass,  the  bottom  of 
which  fits  accurately  on  a  well-ground  plate  of  metal  or  other 
substance.  Through  the  centre  of  this  plate  there  is  an  open- 
ing communicating  by  means  of  a  bent  tube  with  the  cylinder 
C,  and  where  the  pipe  joins  the  cylinder  there  is  a  small  valve, 
v,  capable  of  opening  upwards,  but  not  downwards.  There 
is  also  an  accurately-fitting  piston  which  moves  in  this  cylin- 
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der,  and  in  this  piston  there  is  another  valve,  z/,  which  opens 
upwards,  and  not  downwards. 

In  the  first  place,  let  V  be  full  of  air,  and  let  the  piston  be 
at  the  bottom  of  the  cylinder.  When  we  raise  this  piston  a 
vacuum  is  immediately  produced,  and  this  cannot  be  filled 
from  the  outer  air,  since  the  valve  in  the  ptston  only  opens 
upwards;  it  can,  however,  be  filled  from  the  air  in  the 
receiver  v  by  means  of  the  valve  v,  which  opens  upwards 
into  the  vacuimi.  Thus  when  the  piston  is  at  the  top  of  its 
stroke,  the  air  which  at  first  filled  the  vessel  v,  will  now  fill 
both  V  and  the  cylinder.  Next,  let  us  push  the  piston  down 
again,  and  the  first  effect  of  this  will  be  to  shut  the  lower 


Fig.  36. 

valve  V,  and  to  open  the  upper  valve  «/,  through  which  the 
air  in  the  cylinder  will  escape  into  the  atmosphere. 

Thus  the  effect  of  the  double  stroke  has  been  in  the  first 
place  to  bring  the  air  of  the  vessel  v  to  fill  both  v  and  the^ 
cylinder ;  and,  secondly,  to  drive  into  the  outer  air  that  por- 
tion of  it  which  filled  the  cylinder. 

Let  us  suppose  that  the  capacity  of  the  vessel  v  is  four  times^ 
as  great  as  that  of  the  cylinder,  and  that  we  have  a  mass  of 
air  in  the  vessel  V  equal  to  100  to  begin  with. 

Then  (i)  when  the  piston  is  raised  to  the  top  of  the 
cylinder  there  will  be  80  parts  of  this  air  in  V,  and  20  in  the 
cylinder. 

(2)  When  the  piston  reaches  the  bottom  of  the  cylinder 

H 
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the  20  parts  in  the  cylinder  will  have  been  driven  out  into 
the  atmosphere,  leaving  80  parts  in  v. 

If  this  operation  be  repeated,  we  shall  have,  after  the  next 
upward  stroke  of  the  piston,  64  parts  of  air  in  V,  and  16  in 
the  cylinder,  and  after  the  corresponding  downward  stroke 
there  will  be  only  these  64  parts  of  air  left  in  v. 

Thus,  after  the  first  double  stroke,  the  air  in  v  was  di- 
minished in  the  proportion  of  Jths,  so  that  we  had  100 
X  ^  =»  80  parts  of  air  left ;  and,  in  like  manner,  after  the 
second  double  stroke,  these  80  parts  were  diminished  in  the 
same  proportion,  and  we  had  80  X  ^  =  64  parts  left. 

The  law  of  diminution  is  very  obvious  ;  for  instance,  at 
the  end  of  the  third  stroke  the  air  left  will  beioox^X^X 
J  =  100  (f)  3  ;  at  the  end  of  the  tenth  stroke,  100  (^)  ^^,  and 
so  on.  We  shall  never  by  this  means  succeed  in  depriving 
the  chamber  completely  of  the  air  which  it  contains,  and 
the  limit  will  be  reached  when  the  pressure  of  the  residual 
air  is  not  sufficient  to  lift  up  the  lower  valve  when  the  piston 
is  raised  in  the  cylinder. 

94.  UftinfiT-pnmp. — In  the  lifting-pump  we  have,  besides 
the  cylinder  or  barrel,  a  tube  which  extends  downwards  into 
a  reservoir  of  water,  part  of  which  we  wish  to  obtain.  At 
the  point  where  the  tube  enters  the  cylinder  we  have  a  valve, 
V,  opening  upwards,  and  in  the  piston  we  have  another  valve, 
7/,  also  opening  upwards.  If,  to  begin  with,  we  have  air  in 
the  tube  below  the  valve  v,  the  first  action  of  the  lifting-pump 
is  similar  to  that  of  the  air-pump,  and  part  of  this  air  is 
abstracted,  so  that  the  pressure  of  air  left  in  the  tube  is  less 
than  that  of  the  atmosphere.  Now,  as  the  atmosphere 
presses  upon  the  surface  of  the  reservoir  of  water  into  which 
the  tube  is  plunged,  and  as  this  pressure  is  no  longer 
counteracted  by  an  equal  pressure  from  within,  owing  to  the 
abstraction  of  a  portion  of  the  air,  the  water  will  be  forced 
into  the  tube,  in  which  it  will  rise,  and  continue  doing  so  as 
the  operation  goes  on.  There  will,  however,  be  a  limit  to 
the  height  to  which  it  will  mount ;  for  if  the  tube  is  more 
than  about  30  feet  long,  we  shall  not  be  able  to  get  it  into 
the  ba^el  or  cylinder,  and  the  pump  will  not  work,  the 
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reason  being  that  the  pressure  of  the  atmosphere  is  just 
about  equal  to  that  of  a  column  of  water  30  feet  in  height. 

When  the  air  has  been  pumped 
out,  and  the  barrel  is  full  of  water, 
as  we  force  the  piston  down,  the 
upper  valve,  z/',  will  open,  while  the 
under  valve,  v,  will  shut,  and  a 
quantity  of  water  will  thus  be 
carried  above  the  piston,  where 
it  may  be  discharged  through  a 
spout,  or  otherwise  disposed  of. 
Then,  again,  when  the  piston  is 
drawn  up  water  will  follow  it^ 
rushing  into  the  barrel  through 
the  lower  valve  ;  and  as  it  again 
descends  the  lower  valve  will  shut, 
and  the  upper  one  open,  and  so 
on. 

95.  Sipbon. — The  siphon  is  an 
apparatus  for  conveying  liquid  out 
of  a  vessel  to  any  lower  level, 
without  the  intervention  of  an 
ordinary  tap.  In  its  essential 
form  it  consists  of  a  bent  tube, 
open  at  both  ends.  For  practical 
convenience  and  to  increase  the 
velocity  of  efflux,  one  leg  is  frequently  made  longer  than 
the  other,  but  this  is  not  necessary  for  its  action. 

The  tube  being  filled  with  some  of  the  liquid,  one  end  is 
submerged  beneath  the  surface  of  the  liquid  in  the  vessel ; 
the  other  end,  let  us  suppose,  is  closed  for  the  present  by  the 
thumb.  Referring  to  Fig.  38  we  see  that  if  the  vertical  height 
of  D  A  above  the  liquid  surface  is  not  more  than  the  baro- 
metric height  for  the  liquid,  the  liquid  will  remain  within 
the  tube. 

Now  by  the  laws  of  pressure  in  any  continuous  body  of 
fluid  at  rest,  the  pressure  is  the  same  at  all  points  in  the 
same  horizontal  layer,  and  the  pressure  increases  with  the 

H  2 


Fig.  37. 


loo  ELEMENTARY  PHYSICS.  chap.  ii. 

depth  below  the  free  surface.  Hence  the  pressure  at  E  is 
that  of  the  atmosphere,  and  if  the  end  B  be  lower  than  E, 
the  pressure  at  B  is  greater  than  that  of  the  atmosphere. 
Thus,  when  the  end  B  is  opened,  the  portion  B  E  of  the 
liquid  will  flow  out,  and  in  consequence  other  portions  of 
the  liquid  will  occupy  successively  the  same  position  and 
then  flow  out.  The  action  will  clearly  cease  as  soon  as  the 
surface  of  the  liquid  in  the  vessel  has  sunk  to  the  level  of 
either  end  of  the  tube. 


96.  DiffoBion  of  Gas. — This  short  sketch  of  the  properties 
of  gas  would  be  incomplete  without  reference  to  diffusion— 
the  law  of  which  was  first  put  in  a  clear  shape  by  the  late 
Mr.  Graham.  His  experiment  consists  in  having  a  tube 
(Fig.  39)  filled  with  a  gas — ^let  us  say,  with  hydrogen— the 
lower  extremity  being  immersed  in  a  liquid,  while  the  upper 
extremity  is  closed  with  a  porous  partition  that  will  allow  the 
particles  of  gas  to  move  through  it.     Under  these  circum* 
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stances  he  found  that  in  a  short  time  the  liquid  rose  in  the 

tube,  showing  that  there  was  a  diminution  in  the  volume  of 

gas.    He  also  found  that  the  quality  had  become  changed, 

so  that,  while  hydrogen  had  escaped  through  the  pores  of 

the  partition,  air  had  entered.    If  this  process 

be  carried  on  for  a  somewhat  longer  time,  most 

of  the  hydrogen  will  escape,  and  the  tube  will 

be  full  of  nearly  pure  atmospheric  air ;  but  the 

volume  of  air  will  not  be  equal  to  the  original 

volume  of  hydrogen,  and  in  general,  if  the  gas 

within  the  tube  be  lighter,  bulk  for  bulk,  than 

that  outside,  a  greater  volume  will  go  out  than 

will  enter,  so  that  the  interior  volume  will 

diminish  ;  on  the  other  hand,  if  the  gas  in 

the  tube  have  a  greater  specific  gravity  than 

that  outside,  the  reverse  will  take  place. 

If  however  a  sufficiently  long  time  be 
allowed,  every  trace  of  hydrogen  will  escape, 
and  the  final  volume  of  air  will  be  equal  to 
the  original  volume  of  hydrogen. 

The  rate  of  diffusion  of  a  gas  is  inversely  as 
the  square  root  of  its  density,  a  law  which  we 
may  illustrate  very  easily  by  means  of  the 
familiar  gases,  oxygen  and  hydrogen.  If  we 
take  equal  volumes  of  these  two  gases,  both  at  the  same 
atmospheric  pressure,  it  is  well  known  that  there  will  be  an 
equal  number  of  molecules  in  each,  and  that  a  molecule  of 
oxygen  will  have  i6  times  the  mass  of  a  molecule  of  hydrogen. 
Hence,  of  course,  the  density  of  the  oxygen  will  be  i6  times 
that  of  the  hydrogen.  Now  we  have  already,  in  Art.  91, 
explained  that  the  pressure  of  gases  is  due  to  the  impact  of 
the  molecules  against  the  sides  of  the  vessel  which  contains 
the  gas. 

If  we  now  suppose  that  a  molecule  of  hydrogen  moves  four 
times  as  fast  as  one  of  oxygen,  while  the  mass  of  the  former 
is  only  ^th  that  of  the  latter,  it  will  follow  that  the  momentum 
of  the  blow  due  to  a  molecule  of  hydrogen  will  be,  taking  both 
velocity  and  mass  into  account,  Jth  of  that  of  a  blow  of  a 
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molecule  of  oxygen.  But  since  the  hydrogen  molecules  are 
moving  four  times  as  fast  as  the  oxygen  molecules,  the 
hydrogen  molecules  which  will  strike  the  side  of  the  vessel 
in  xmit  of  time  will  be  four  times  as  many  as  those  of  oxygen. 
On  the  whole,  therefore,  the 
united  impact  in  unit  of  time  of 
all  the  hydrogen  molecules  will 
be  equal  to  that  of  all  the  oxygen 
molecules  ;  in  other  words,  the 
pressure  will  be  the  same  in 
both.  We  thus  see  that  for 
equal  pressures  the  velocity  of 
the  hydrogen  molecules  will  be 
four  times  that  of  the  oxygen 
molecules.  But  it  is  the  velocity 
which  is  the  cause  of  diffusion, 
and  hence  the  rate  of  diffusion 
of  the  hydrogen  will  be  four 
times  that  of  the  oxygen ;  in 
other  words,  the  rate  of  diffusion 
is  inversely  as  the  square  root 
of  the  density. 

The  phenomena  of  diffusion 
may  be  illustrated  by  means  of 
the  apparatus  exhibited  in  Fig. 
39 A.  Here  we  have  two  hollow, 
porous  vessels  of  unglazed  porce- 
lain at  A  and  B.  To  these  are 
attached  two  glass  tubes,  the 
lower  extremities  of  which  dip 
into  water.  An  inverted  glass 
beaker  is  placed  over  the  porous 
vessel  at  A,  and  a  similar  beaker 
not  inverted  over  the  porous  vessel  at  B.  At  first  these  porous 
vessels,  as  well  as  the  glass  tubes,  are  filled  with  air.  The 
molecules  of  air  from  within  are  constantly  entering  the  pores 
of  the  vessels  to  get  out,  while,  on  the  other  hand,  the  mole- 
cules of  air  from  without  are  constantly  entering  the  pores  of 
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the  vessels  to  get  in.  But  both  movements  being  equal  and 
opposite,  as  many  old  molecules  will  get  out  as  there  will  new 
molecules  get  in,  so  that  the  pressure  of  the  air  will  remain 
unaltered.  Now  make  hydrogen  gas  enter  the  beaker  which 
surrounds  the  vessel  A.  The  hydrogen  molecules  moving 
much  faster  than  those  of  air,  a  number  of  hydrogen  mole- 
cules will  enter  A — greater  than  that  of  the  air  molecules 
which  leave  A.  Hence  the  pressure  will  increase,  and  the 
mixed  gas  will  bubble  up  through  the  water  from  the  lower 
extremity  of  the  tube,  and  may  be  made  to  explode  on  the 
application  of  a  flame. 

Next  make  carbonic  acid  gas  enter  the  right-hand  beaker. 
Since  this  gas  is  denser  than  air,  the  number  of  molecules 
which  will  get  in  through  the  pores  will  be  less  than  that  of 
the  air  molecules  which  will  get  out.  Hence  the  pressure 
will  diminish,  and  the  water  will  rise  in  the  right-hand  tube. 

97.  Absorption  of  Gas  by  Solids  and  Uqnids, — In  con- 
clusion, we  shall  very  briefly  allude  to  the  absorption  of 
gases  by  solids  and  liquids.  Thus  charcoal  has  the  power 
of  absorbing  or  retaining  in  its  pores  a  considerable  quantity 
of  various  kinds  of  gas.  Many  liquids  likewise  have  the 
power  of  absorbing  or  retaining  gas,  sometimes  to  a  very 
great  extent :  thus  water  absorbs  carbonic  acid  gas,  and 
when  strongly  impregnated  with  this  gas  forms  the  beverage 
known  as  soda-water.  It  also  absorbs  ammoniacal  gas,  as 
well  as  hydrochloric  acid  gas,  and  becomes,  in  the  one  case, 
liquid  ammonia,  and  in  the  other,  liquid  hydrochloric  acid. 


CHAPTER  III. 
ENERGY, 
Lesson  XIII.— Definition  of  Energy. 

98.  It  is  only  of  late  years  that  the  laws  of  motion  have 
been  fully  comprehended.  It  has,  no  doubt,  been  known 
since  the  time  of  Newton  that  there  can  be  no  action  without 
reaction  ;  or  if  we  define  momentum  to  mean  the  product  of 
the  mass  of  a  moving  body  into  its  velocity  of  motion,  then 
whenever  this  is  generated  in  one  direction  an  equal  amount 
is  simultaneously  generated  in  the  opposite  direction,  and 
whenever  it  is  destroyed  in  one  direction  an  equal  amount  is 
simultaneously  destroyed  in  the  opposite  direction.  Thus 
the  recoil  of  a  gun  is  the  appropriate  reaction  to  the  forward 
motion  of  the  bullet,  and  the  ascent  of  a  rocket  to  the  down- 
rush  of  heated  gas  from  its  orifice ;  and  in  other  cases  where 
the  action  of  the  principle  is  not  so  apparent,  its  truth  has 
notwithstanding  been  universally  admitted. 

It  has,  for  instance,  been  perfectly  well  understood  for  the 
last  200  years  that  if  a  rock  be  detached  from  the  top  of  a 
precipice  144  feet  high  it  will  reach  the  earth  with  the  velocity 
of  96  feet  in  a  second,  while  the  earth  will  in  return  move  up 
to  meet  it,  if  not  with  the  same  velocity,  yet  with  the  same 
momentum.  But,  inasmuch  as  the  mass  of  the  earth  is  very 
great  compared  with  that  of  the  rock,  so  the  velocity  of  the 
former  must  be  very  small  compared  with  that  of  the  latter, 


LESS.  XIII.  DEFINITION  OF  ENERGY.  105 

in  order  that  the  momentum  or  product  of  mass  into  velocity 
may  be  the  same  for  both.  In  fact,  in  this  case,  the  velocity 
of  the  earth  is  quite  insensible,  and  may  be  disregarded. 

The  old  conception  of  the  laws  of  motion  was  thus  sufficient 
to  represent  what  takes  place  when  the  rock  is  in  the  act  of 
traversing  the  air  to  meet  the  earth ;  but,  on  the  other  hand, 
the  true  physical  concomitants  of  the  crash  which  takes  place 
when  the  two  bodies  have  come  together  were  entirely 
ignored.  They  met,  their  momentum  was  cancelled,  and 
that  was  enough  for  the  old  hypothesis. 

So,  when  a  hammer  descends  upon  an  anvil,  it  was  con- 
sidered enough  to  believe  that  the  blow  was  stopped  by  the 
anvil ;  or  when  a  break  was  applied  to  a  carriage-wheel,  it 
was  enough  to  imagine  that  the  momentum  of  the  carriage 
was  stopped  by  friction.  Let  us  now  consider  some  of  those 
influences  which  helped  to  prepare  men's  minds  for  the 
reception  of  a  truer  hypothesis. 

99.  "Work. — ^We  live  in  a  world  of  work,  of  work  from 
which  we  cannot  possibly  escape ;  and  those  of  us  who  do 
not  require  to  work  in  order  to  eat,  must  yet  in  some  sense 
perform  work  in  order  to  live.  Gradually,  and  by  very  slow 
steps,  the  true  nature  of  work  came  to  be  understood.  It 
was  seen,  for  instance,  that  it  involved  a  much  less  expendi- 
ture of  enersy  ^  for  a  man  to  carry  a  pound  weight  along  a 
level  road  than  to  carry  it  an  equal  distance  up  to  the  top  of 
a  mountain. 

It  is  not  improbable  that  considerations  of  this  kind  may 
have  led  the  way  to  a  numerical  estimate  of  work. 

Thus  if  a  kilogramme  be  raised  one  m^tre  high  against  the 
force  of  gravity,  we  may  call  it  one  miit  of  work,  in  which 
case  two  kilogrammes  raised  one  mtoe  high,  or  one  kilo- 
gramme raised  two  metres  high,  will  represent  two  units,  and 
so  on.  We  have,  therefore,  only  to  multiply  the  number  of 
kilogrammes  by  the  vertical  height  in  metres  to  which  they 
are  raised,  and  the  product  will  represent  the  work  done 
against  gravity. 

1  Energy  means  simply  the  power  of  doing  work. 
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The  force  of  gravity  being  very  nearly  constant,  and  always 
in  action,  is  a  very  convenient  force  to  measure  work  by,  and 
it  is  generally  made  use  of  for  this  purpose  ;  we  shall  there- 
fore in  the  meantime  take  as  the  unit  of  work  the  Uloeram- 
metre,  or  the  work  represented  by  one  kilogramme  raised 
one  mtoe  high,  against  the  force  of  gravity  at  the  earth's 
surface. 

lOO.  Relation  between  Energy  and  Momentum. — Having 
thus  defined  work,  the  next  point  is  to  connect  it  with  mo- 
mentum. Now,  we  have  already  seen  (Art.  45)  that  a  body 
shot  upwards  with  the  velocity  of  9*8  metres  per  second  will 
rise  4*9  mtoes  in  height  before  it  stops,  so  that  if  a  kilo- 
gramme be  shot  upwards  with  this  velocity,  it  will  ascend 
this  height  against  the  force  of  gravity. 

Hence  a  man  who  projects  a  kilogramme  vertically  up- 
wards with  the  velocity  of  9*8  metres  per  second  will  thereby 
have  imparted  to  the  moving  kilogramme  an  amount  of 
energy  which  will  enable  it  to  raise  itself  4*9  metres  in  height, 
and  thus  to  perform  4*9  units  of  work.  Again,  it  has  been 
shown  (Art.  45)  that  if  the  kilogramme  be  projected  upwards 
with  twice  this  velocity,  or  that  of  19*6  metres  per  second,  it 
will  now  rise  four  times  as  high  ;  for  it  will  rise  19*6  metres 
in  height  before  it  stops,  instead  of  only  4*9  metres  as  before. 
We  thus  see  that  the  work  which  can  be  accomplished  by  a 
moving  body  is  increased  four  times  by  doubling  the  velocity ; 
in  other  words,  it  is  proportional  to  the  square  of  the  velocity. 
Again,  if  the  body  projected  upwards  have  the  mass  of  two 
kilogrammes,  it  will  do  double  the  work  of  a  single  kilo- 
gramme projected  upwards  with  the  same  velocity,  so  that 
the  work  which  a  moving  body  is  capable  of  doing  is  propor- 
tional to  its  mass. 

A  little  reflection  will  convince  us  that  the  work  capable 
of  being  done  by  a  body  whose  mass  (in  kilogrammes  or 
thousands  of  granunes)  is  m,  and  whose  velocity  is  v,  will  be 

represented  by^the  expression  ^^ (A). 

I9'6 

Thus  if  m  =  i,  that  is  to  say  if  the  mass  be  one  kilo- 
gramme, and  \{  V  =  9*8,  that  is  to  say,  if  it  be  projected 


LESS.  XIII.  DEFINITION  OF  ENERGY.  107 

upwards  with  the  velocity  of  9*8  metres  a  second,  we.  shall 
have  by  the  above  expression 

Capacity  for  doing  work,  or  energy,  =  ^"  /-  —  4*9  ; 

while  if  the  mass  remain  the  same  as  before,  and  if  the 
velocity  be  I9'6,  we  shall  have 

Capacity  for  work,  or  energy,  =        J    =  I9*6. 

Now,  these  numbers,  as  we  have  already  seen,  represent 
the  heights  attained,  and  hence  the  work  done,  (in  kilogram- 
metres),  in  these  two  instances,  so  that  the  expression  (A) 
appears  to  be  correct. 

The  following  example  will  illustrate  the  connexion  between 
enei^  and  momentum  : — 

Question. — What  is  the  energy  of  a  body  weighing  64 
grammes  projected  upwards  with  the  velocity  of  60  metres 
in  one  second  ?    Answer, — Its  energy  or  capacity  for  doing 

work  is   — t  X  ^ — i-   =  1176,  the  first  of  the  two  factors 
1,000      19*6 

being  applied  with  the  purpose  of  reducing  the  mass  into 

kilogrammes. 

The  statement  that  the  energy  of  a  moving  body  is  pro- 
portional to  the  square  of  its  velocity  may  be  seen  to  hold 
from  other  points  of  view.  Thus,  for  instance,  if  a  number 
of  similar  oak  planks  be  placed  the  one  behind  the  other,  and 
if  a  rifle-ball  with  a  certain  velocity  pierce  through  three  of 
them,  a  rifle-ball  with  double  the  velocity  will  pass  not  only 
through  six,  or  twice  three,  but  through  twelve,  or  four  times 
three  planks  ;  thus  the  resistance  of  the  planks  supplies  the 
place  of  the  force  of  gravity  in  the  previous  examples  just 
given. 

Again,  let  us  suppose  that  on  a  line  of  rail  a  collision  is 
about  to  take  place  between  two  similar  trains,  each  moving 
towards  the  other  at  the  rate  of  thirty  miles  an  hour.  If  we 
denote  by  unity  the  energy  of  each  train,  the  whole  amount 
of  energy  spent  upon  the  crash  will  obviously  be  two  units. 

Suppose  now  that  the  one  train  is  at  rest  while  the  other 
is  rushing  towards  it  with  the  double  velocity  of  sixty  miles 
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an  hour.  It  is  very  easy  to  see  that  the  energy  of  the  latter 
must  be  four  units.  For  in  the  first  place,  the  rate  of  ap- 
proach in  this  case  being  the  same  as  that  in  the  previous 
case  above  mentioned,  the  same  amount  of  energy  will  be 
spent  on  the  collision,  which  will  thus  represent  two  units  of 
energy.  But  besides  this,  the  double  train  will  by  the  laws  of 
momentum  be  in  motion  after  the  collision  at  the  rate  of  thirty 
miles  an  hour— this  representing  other  two  units  of  energy. 
On  the  whole,  therefore,  the  energy  represented  by  the  single 
train  moving  at  sixty  miles  an  hour  will  be  four  units. 

lOl.  Bnersy  i>  of  Two  Types. — If  we  define  "energy" 
to  mean  the  power  of  doing  work,  it  thus  appears  that  a 
stone  shot  upwards  with  great  velocity  may  be  said  to  have 
in  it  a  great  deal  of  actual  energy,  because  it  has  the  power 
of  overcoming  up  to  a  great  height  the  obstacle  interposed 
by  gravity  to  its  ascent,  just  as  a  man  of  great  energy  has 
the  power  of  overcoming  obstacles.  But  this  stone  as  it 
continues  to  mount  upwards  will  do  so  with  a  gradually 
decreasing  velocity,  until  at  the  summit  of  its  flight  all  the 
actual  enei^  with  which  it  started  will  have  been  spent  in 
raising  it  against  the  force  of  gravity  to  this  elevated  position. 
It  is  now  moving  with  no  velocity — ^just,  in  fact,  beginning 
to  turn — and  we  may  suppose  it  to  be  caught  and  lodged 
upon  the  top  of  a  house.  Here  then,  it  remains  at  rest, 
without  the  slightest  tendency  to  motion  of  any  kind,  and 
we  are  led  to  ask.  What  has  become  of  the  energy  with 
which  it  began  its  flight  ?  Has  this  energy  disappeared  from 
the  universe  without  leaving  behind  it  any  equivalent  ?  Is  it 
lost  for  ever,  and  utterly  wasted  ? 

When  the  stone  began  to  mount  it  contained,  in  virtue  of 
its  velocity,  an  amount  of  energy  which,  by  means  of  appro- 
priate contrivances,  might  have  been  spent  in  grinding  com, 
or  pumping  water,  or  turning  a  wheel,  or  in  a  variety  of 
useful  ways,  instead  of  which  we  have  allowed  the  stone  to 
mount  against  the  force  of  gravity  as  far  as  it  will  rise.  Have 
we  now  lost  for  ever  the  opportunity  of  utilizing  this  energy 
of  the  stone  ?  Far  from  it — doubtless  the  stone  is  at  rest 
on  the  top  of  the  house,  and  hence  possesses  no  energy  of 
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motion  ;  but  it  nevertheless  possesses  energy  of  another  kind, 
in  virtue  of  its  position  ;  for  we  can  at  any  time  cause  it  to 
drop  down  upon  a  pile,  and  thus  drive  it  into  the  ground,  or 
make  use  of  its  downward  momentum  to  grind  com,  or  to 
turn  a  wheel,  or  in  a  variety  of  useful  ways. 

It  thus  appears  that  when  a  stone  which  has  been  projected 
upwards  has  been  caught  at  the  summit  of  its  flight,  and 
lodged  on  the  top  of  a  house,  the  energy  of  actual  motion 
with  which  it  started  has  been  changed  into  another  form  of 
energy,  which  we  denominate  Energy  of  Position  or  Potential 
Energy,  and  that  by  allowing  the  stone  again  to  fall  we  may 
change  this  energy  of  position  once  more  into  actual  energy, 
so  that  the  stone  will  reach  the  ground  with  a  velocity,  and 
hence  with  an  energy,  equal  precisely  to  that  with  which 
it  was  originally  projected  upwards. 

There  are,  therefore,  two  kinds  of  energy  which  are  being 
continually  changed  into  one  another,  and  these  are  the  energy 
of  actual  motion  and  the  energy  of  position.  As  an  example 
of  the  first  kind  we  have  a  stoiie  projected  vertically  upwards, 
or  indeed  projected  with  velocity  in  any  direction  ;  for  it  is 
the  velocity  which  is  material,  and  not  the  direction  of  mo- 
tion, since  by  means  of  appropriate  contrivances  we  may 
utilize  a  horizontal  velocity  as  much  as  a  vertical  one. 

Again,  as  an  instance  of  the  second  kind  of  energy,  we 
have  a  stone  on  the  top  of  a  house,  or  any  substance,  such 
as  a  head  of  water,  occupying  a  position  of  advantage  with 
respect  to  gravity,  or  any  other  force. 


Lesson  XIV.— Varieties  of  Energy. 

10a.  In  the  preceding  lesson  we  defined  energy  to  mean 
the  power  of  doing  work,  and  we  found  that  this  working 
power  might  be  exhibited  in  two  ways  ;  being  in  the  first 
place  possessed  by  a  body  in  actual  motion,  and  in  the 
second  place  by  a  body  which  occupies  a  position  of  advan- 
age  with  respect  to  any  force.     These  two  types  (called  also 
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Jdnetie  energy  and  potential  energy)  were  illustrated  with 
reference  to  the  force  of  gravity.  Thus  a  stone  has  a  ten- 
dency to  fall  towards  the  centre  of  the  earth ;  and  if  it  be 
removed  as  far  as  possible  from  this  centre,  it  may  be  said 
to  occupy  a  position  of  advantage  with  respect  to  the  force 
of  gravity,  as  for  instance  if  it  be  lodged  on  the  top  of  a 
house.  Again,  when  the  stone  is  in  the  act  of  falling  from 
the  top  of  the  house,  this  energy  of  position,  or  potential 
energy,  undergoes  reconversion  into  that  of  actual  motion 
or  kinetic  energy,  until  at  length  when  the  stone  once  more 
reaches  the  ground  it  does  so  with  the  very  same  v^ocity 
with  which  it  was  originally  projected  upwards. 

103.  Varieties  of  Enersy. — But  there  are  other  forces 
besides  gravity,  and  one  of  the  most  active  of  these  is  chemi- 
cal affinity.  Thus  for  instance,  an  atom  of  oxygen  has  a 
very  strong  attraction  for  one  of  carbon,  and  we  may  com- 
pare these  two  atoms  to  the  earth  and  the  stone  in  the  illus- 
tration given  above,  the  difference  being  that  both  atoms  are 
very  small,  much  of  the  same  mass,  and  attract  one  another 
at  insensible  distances  only.  Nevertheless,  within  certain 
limits  this  attraction  is  intensely  powerful,  so  that  when  an 
atom  of  carbon  and  one  of  oxygen  have  been  separated  from 
each  other,  we  have  a  species  of  energy  of  position  just  as 
truly  as  when  a  stone  has  been  separated  from  the  earth. 
Thus,  by  having  a  large  quantity  of  oxygen  and  a  large 
quantity  of  carbon  in  separate  states,  we  are  in  possession  of 
a  large  store  of  energy  of  position.  Now  we  have  seen  that 
when  we  allowed  the  stone  and  the  earth  to  rush  together, 
this  energy  of  position  was  transformed  into  that  of  actual 
motion,  and  ultimately  into  heat,  and  we  should  therefore 
expect  something  similar  to  happen  when  the  separated  carbon 
and  oxygen  are  allowed  to  rush  together.  This  takes  place 
when  we  bum  coal  in  our  fires,  and  the  ultimate  result,  as 
far  as  energy  is  concerned,  is  the  production  of  a  large  amount 
of  heat.  We  are  therefore  led  to  conjecture  that  heat  may 
be  due  to  a  motion  of  particles  on  the  small  scale.  We  are 
further  led  to  think  that  when  we  use  this  heat  wherewith  to 
work  our  engine,  we  may  be  utilizing  a  species  of  energy  of 
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motion  just  as  truly  as  when  we  employ  the  energy  of  motion 
of  water  to  drive  our  mills,  or  the  energy  of  motion  of  a  weight 
to  drive  a  pile  into  the  ground. 

It  thus  appears  that  we  may  have  invisible  molecular 
energy  as  well  as  visible  mechanical  energy,  and  be^re  pro- 
ceeding further  it  may  be  desirable  to  give  a  short  account 
of  the  various  forms  of  energy  both  visible  and  invisible. 

For  this  purpose  it  will  be  convenient  to  divide  the  various 
energies  as  we  know  them  into  three  groups.  The  first  of 
these  will  be  tbe  eronp  of  Molar  Enerffies,  that  is  to  say  of 
energies  on  the  large  scale  ;  and  this  will  embrace  two 
varieties,  namely  (i)  the  energy  of  molar  motion^  and  (2)  the 
potential  energy  of  molar  arrangements. 

The  second  of  these  will  be  tbe  group  of  Heat  Bnersies, 
consisting  (3)  of  the  kinetic  (molectaar)  energy  of  absorbed 
heat^  (4)  of  (molecular)  separation^  and  (5)  of  radiant  light 
and  heat. 

The  third  of  these  will  be  tbe  eronp  of  Electrical  and 
Cbemical  Enersries,  consisting  (6)  of  electrical  separation^ 
(7)  oielectricty  in  motion,  a-nd  (8)  of  chemical  separation.  We 
may  call  these  Atomic  enersries. 

104.  Molar  Energy  of  botb  kinds  (i)  and  (2). — First 
with  regard  to  kinetic  energy,  we  have  that  of  a  cannon-ball, 
or  of  a  meteor,  or  of  a  gale  of  wind,  or  of  a  flowing  river. 
Then  of  that  which  is  due  to  position  we  have  a  head  of 
water,  a  stone  at  the  top  of  a  cliff,  a  cross-bow  bent  (which  is 
in  a  position  of  advantage  with  regard  to  the  elastic  force  of 
the  bow),  a  clock  wound  up,  and  so  on. 

105  •  Heat  Gronp  :  Absorbed  Heat  and  Molecular  Sepa- 
ration (3)  and  (4). — To  come  now  to  molecular  energy,  we 
have  that  well-known  form  of  it  which  we  call  heat.  When  a 
body  is  greatly  heated  we  have  reason  to  believe  that  its  par- 
ticles are  in  a  state  of  rapid  motion  among  themselves,  al- 
though the  body  as  a  whole  is  at  rest.  But  what  in  this  case  is 
latent  heat,  for  (as  we  shall  afterwards  see)  it  requires  a  large 
amount  of  heat  to  convert  boiling  water  into  steam,  not- 
withstanding which  the  steam  is  no  hotter  than  the  boiling 
water  ?    In  such  a  case  we  have  reason  to  believe  that  much 
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of  the  species  of  energy  which  we  call  heat  has  passed  from 
the  form  of  energy  of  motion  into  energy  of  position,  and 
spent  itself  in  forcing  the  particles  of  water  to  a  great  dis- 
tance from  each  other,  just  as  a  stone,  thrown  upwards  and 
lodged  on  the  roof  of  a  house,  has  spent  its  actual  energy  in 
separating  itself  from  the  earth,  and  has  thus  acquired  an 
equivalent  in  energy  of  position.  We  may  perhaps  compare 
the  heating  of  a  particle  to  a  man  whirling  round  his  head  a 
heavy  weight  attached  to  his  hand  by  a  thick  india-rubber 
string.  Part  of  his  energy  will  be  spent  in  imparting  velocity 
to  the  weight,  and  part  also  in  stretching  the  string.  The 
first  is  a  kinetic,  the  latter  a  potential  form  of  energy.  Thus 
we  have  in  the  molecular  world,  as  well  as  in  the  molar 
world,  energy  of  motion  and  energy  of  position.  We  may 
carry  the  analogy  yet  a  step  further.  In  the  visible  me- 
chanical world,  whenever  a  body  is  in  rapid  motion,  part  of 
its  energy  is  carried  off  by  the  air  in  the  shape  of  sound  and 
other  motions  of  the  air ;  thus  when  a  string  vibrates  or  a 
bell  is  struck,  the  sound  which  reaches  us  represents  so  much 
of  the  energy  of  the  moving  particles  which  has  been  carried 
off  by  the  air. 

106,  Radiant  XAght  and  Heat  (5). — Now  there  is  a  me- 
dium pervading  all  space,  which  we  call  the  ethereal  medium, 
and  which  carries  off  part  of  the  energy  of  motion  of  mole- 
cules, just  as  the  air  does  in  the  case  of  large  moving  bodies. 
Thus  the  molecular  energy  which  we  have  now  described  as 
heat  is  given  out  by  a  hot  body  to  this  medium  which  sur- 
rounds it,  and  by  it  is  transmitted  in  a  series  of  waves, 
moving  at  the  enormous  rate  of  186,000  miles  in  one  second 
of  time.  This  undulatory  energy  is  known  as  radiant  light 
and  heat. 

107.  Electrical  and  Chemical  or  Atomic  Group :  Electrical 
Separation  (6). — Besides  the  kinds  of  invisible  energy  now 
mentioned,  we  have  those  very  important  forms  of  it  con- 
nected with  electricity  and  chemical  affinity.  Thus  when  two 
bodies  charged  with  opposite  electricities  are  apart  from  one 
another,  we  have  a  species  of  energy  due  to  the  position  of 
advantage  occupied  by  these  bodies  as  respects  electrical 
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force,  and  the  bodies  will  have  a  tendency  to  rush  together, 
just  as  a  stone  at  the  top  of  a  cliff  has  a  tendency  to  rush  to 
the  earth.  Now,  if  they  be  allowed  to  meet  one  another,  their 
energy  of  position  will  be  converted  into  that  of  visible  molar 
motion,  just  as  when  the  stone  is  allowed  to  drop  from 
the  cliff  its  energy  of  position  is  converted  into  that  of 
visible  motion. 

108.  laectrtcitj  in  Motion  (7). — We  come  next  to  the 
energy  represented  by  electricity  in  motion.  Whenever  an 
electric  circuit  has  been  completed,  there  is  a  power  or  enei^ 
pervading  it  which  we  term  the  electric  current ;  and  if  part 
of  the  circuit  be  formed  of  a  naetallic  wire,  we  can  by  its 
means  convey  this  power  into  any  place  we  choose,  and  as  it 
were  lay  on  so  much  energy  which,  properly  applied,  may  be 
instrumental  in  doing  useful  work.  Thus,  while  in  ordinary 
cases  the  work  is  done  by  the  side  of  the  engine,  in  the  case 
of  an  electric  current  we  may  have  the  battery  or  source 
of  energy  by  our  side,  and  by  means  of  conducting  wires 
perform  our  work  fifty  miles  away. 

109.  Cbemical  Separation  (8). — Finally,  that  description 
of  energy  represented  by  chemical  separation  has  been 
already  referred  to  and  illustrated  in  the  case  of  carbon, 
which  we  supposed  separated  from  oxygen,  for  which  it  has 
an  intense  attraction. 

Let  us  now  briefly  recapitulate  what  has  been  said  regard- 
ing the  various  forms  of  energy. 

We  have,  in  the  first  place,  visible  mechanical  or  molar 
energy,  both  actual  and  potential ;  in  the  next  place,  we  have 
the  heat  group  of  energies — sensible  heat  probably  represent- 
ing an  energy  of  motion  of  molecules,  and  latent  heat  denoting 
rather  an  energy  of  position  of  molecules :  while  belonging 
to  this  group  we  have  also  radiant  light  and  heat ;  thirdly  we 
have  the  electrical  and  chemical  group  or  the  atomic  group 
of  energies,  embracing  that  form  of  energy  of  position  which 
is  represented  by  the  separation  of  differently  electrified 
bodies,  embracing  also  electricity  in  motion ;  and  lastly,  be- 
longing to  this  group,  we  have  that  form  of  energy  of  position 
represented  by  the  separation  of  bodies  having  a  strong 
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chemical  affinity  for  each  other.  Let  us  here  impress  upon 
the  reader  that  this  classification  is  merely  one  of  convenience. 
It  has  no  pretence  to  finality,  but  simply  serves  to  formulate 
our  present  knowledge  of  the  various  kinds  of  energy.  In 
proof  of  this  we  may  mention  that  we  have  classified  the 
•  energy  of  a  cross-bow  bent  under  the  head  of  molar  or  visible 
energy  of  position.  Nevertheless  its  energy,  being  due  to 
elasticity,  might  with  equal  justice  be  classified  as  a  variety 
of  molecular  energy. 

The  remainder  of  this  work  will  be  chiefly  devoted  to  a 
description  of  these  various  forms  of  energy,  and  of  the  laws 
according  to  which  they  are  transmuted  into  one  another. 
In  the  meantime  let  us  describe  the  great  principle  which 
governs  all  such  transmutations. 


Lesson  XV.— Conservation  of  Energy. 

no.  The  most  important  principle  connected  with  this 
subject  is  that  known  as  the  conservation  of  energy. 

The  production  of  a  "  perpetual  motion "  has  long  been 
one  of  the  dreams  of  enthusiasts. 

Their  great  ideal  of  mechanical  triumphs  was  a  machine 
that,  without  requiring  to  have  any  labour  bestowed  upon  it, 
or  to  be  fed  with  fuel  of  any  kind,  should  continue  to  perform 
work  for  ever ;  a  clock  which  could  wind  itself  up,  or  an 
engine  that  could  go  on  without  coals,  would  be  a  machine 
of  this  description.  In  their  endeavours  to  attain  their  ob- 
ject the  advocates  of  a  "  perpetual  motion  "  must  often  have 
started  questions  to  which  the  natural  philosopher  is  not 
always  able  to  reply.  We  do  not  know  all  the  properties  of 
matter,  and  we  are  not  always  able  to  predict  what  will  hap- 
pen under  every  conceivable  combination  of  natural  forces. 
At  last,  in  an  inspired  moment,  the  philosopher  conceived 
the  idea  of  replying  to  all  the  questions  of  the  enthusiast  by 
denying  the  possibility  of  perpetual  motion,  and  by  asserting 
that  it  is  just  as  impossible  either  to  create  or  destroy  energy 
as  it  is  to  create  or  destroy  matter.     Now,  it  is  clear  that  the 
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only  way  of  establishing  the  truth  of  a  principle  of  this  kind  * 
is  by  trying  it  in  a  number  of  cases ;  and  if  it  succeeds  in 
explaining  the  peculiarities  of  each  case,  we  have  strong 
grounds  for  believing  in  its  truth  :  it  is  a  tree  that  must  be 
tested  by  its  fruit.  The  principle  of  the  conservation  of 
energy  has  stood  the  test,  and  not  only  so,  but  it  has  also 
greatly  assisted  us  in  finding  out  new  facts  and  laws  of 
matter,  so  that  we  have  much  reason  for  believing  in  its 
truth. 

111.  Motion  of  a  Stone. — Let  us  first  of  all  apply  it  to 
the  case  of  a  stone  projected  vertically  upwards,  and  to 
simplify  matters,  let  us  suppose  that  the  stone  weighs  exactly 
one  kilogranraie,  and  that  its  velocity  of  projection  is  that  of 
1 9*6  metres  in  one  second,  which,  as  we  have  seen,  represents 
1 9*6  omits  of  work.  Let  us  consider  the  state  of  things  at 
the  precise  moment  when  the  stone  is  147  metres  high ;  it 
will  then  have  an  actual  velocity  of  9*8  mtees  per  second 
(Art.  46),  which,  as  we  have  seen,  will  represent  4*9  units 
of  work. 

But  it  started  from  the  ground  with  19*6  units  of  work  in 
it ;  what,  therefore,  has  become  of  the  difference,  or  147 
units  ? 

Evidently  it  has  disappeared  as  actual  energy ;  but  the 
stone,  being  147  m^res  high,  has  acquired  in  its  place  an 
energy  of  position  represented  by  147  units,  so  that  at  this 
precise  moment  of  its  flight  its  actual  energy  (4*9),  plus  its 
energy  of  position  (147),  are  together  equal  to  the  whole 
energy  (19*6)  with  which  it  started. 

Thus,  as  the  stone  mounts  up,  there  is  no  annihilation  of 
energy,  but  merely  the  transformation  of  it  from  actual  energy 
to  that  implied  by  position ;  nor  have  we  any  creation  of 
energy  when  the  stone  is  again  on  its  downward  flight,  but 
merely  the  retransformation  of  the  energy  of  position  into  the 
original  form  of  actual  energy. 

llfl.  Enersy  is  not  Destroyed  by  Impact. — ^We  have 
thus  gauged  the  energy  of  the  stone  throughout  its  upward 
and  downward  flight,  and  have  found  this  to  be  strictly  con- 
stant.   We  have  not  yet,  however,  done  with  the  case  of  the 

I    2 
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stone ;  in  fact,  the  most  difficult  part  of  the  whole  problem 
yet  remains  to  be  solved ;  for  what  becomes  of  the  energy  of 
the  stone  after  it  has  struck  the  earth  ?  This  question  may 
be  varied  in  a  great  number  of  ways.  We  may,  for  instance, 
ask  what  becomes  of  the  energy  of  a  railway  train  when  it  is 
suddenly  stopped  ?  what  becomes  of  the  energy  of  the  ham- 
mer after  it  has  struck  the  anvil  ?  of  the  cannon-ball  after  it 
has  struck  the  target  ?  and  so  on. 

In  all  these  varieties  of  the  question  we  perceive  that 
either  percussion  qx  friction  is  at  work.  It  is  friction  that 
stops  a  railway  train,  and  it  is  percussion  that  stops  the 
motion  of  a  falling  stone  or  a  falling  hammer,  so  that 
our  question  is,  in  reality.  What  becomes  of  the  energy 
of  visible  motion  when  it  has  been  stopped  by  percussion 
or  friction? 

113.  It  is  then  converted  into  Heat. — Rumford  and  Davy 
were  the  pioneers  in  replying  to  this  important  question. 
Rumford  found,  during  the  process  of  boring  cannon  at 
Munich,  that  the  heat  generated  was  sometimes  so  great  as 
to  cause  water  to  boil,  and  he  supposed  that  ordinary  me- 
chanical work  became  changed  into  heat  through  the. friction 
produced  in  the  process  of  boring.  Davy,  again,  melted  two 
pieces  of  ice  by  causing  them  to  rub  against  each  other,  and 
he  likewise  concluded  that  the  work  spent  on  this  process 
had  been  converted  into  heat.  We  see  now  why,  by  ham- 
mering a  coin  on  an  anvil,  we  can  heat  it  very  greatly,  or 
why  on  a  dark  night  the  sparks  are  seen  to  fly  out  from  the 
break-wheel  which  stops  the  motion  of  the  railway  train,  or 
why  by  rubbing  a  metal  button  violently  backwards  and  for- 
wards against  a  piece  pf  wood  we  can  render  it  so  hot  as  to 
scorch  the  hand,  for  in  all  these  cases  it  is  the  energy  of 
visible  motion  which  has  been  converted  into  heat.  There 
has,  in  fine,  been  an  annihilation  of  visible  energy,  simul- 
taneously with  the  creation  of  so  much  heat. 

114.  Mechanical  Equivalent  of  Heat. — Grove  in  this 
country,  and  Mayer  on  the  Continent,  were  the  first  to  point 
out  the  probability  of  a  connexion  between  the  various 
forms  of  energy;   but  it  was  reserved  for  Joule,  Colding, 
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Thomson,  and  others,  to  establish  these  relations  on  a 
scientific  basis. 

The  researches  of  Joule  led  him  to  the  exact  numerical 
relation  subsisting  between  that  species  of  energy  which  we 
call  visible  motion  and  that  which  we  call  heat. 

The  result  of  his  numerous  and  laborious  experiments  was 
that,  if  a  kilogramme  of  water  be  dropped  from  a  height  of 
424  metres  under  the  influence  of  gravity,  and  if  the  velocity 
which  it  attains  be  suddenly  stopped  by  the  earth  and  con- 
verted into  heat,  this  heat  will  be  suf3ficient  to  raise  the  whole 
mass  1°  centigrade  in  temperature.  From  this  he  concluded 
that  when  a  kilogramme  of  water  is  raised  1°  centigrade  in 
temperature,  an  amount  of  molecular  energy  enters  into  the 
water  which  is  equivalent  to  424  kilogramm^tres ;  that  is  to 
say,  to  424  units  of  work.  By  this  means  an  exact  relation  is 
established  between  heat  and  work. 

115.  Galvanic  Circvit. — No  better  example  of  the  con- 
nexion between  the  various  kinds  of  energy  can  be  given 
than  what  takes  place  in  a  galvanic  battery.  Let  us  suppose 
that  zinc  is  the  metal  used.  Here  the  source  of  energy  is  in 
reality  the  burning  of  the  zinc,  or,  at  least,  its  chemical  com- 
bination with  oxygen,  in  order  to  form  a  salt  of  zinc.  The 
source  of  energy  is,  in  fact,  much  the  same  as  when  coal  is 
burned  in  the  fire.  Now,  as  we  have  said,  the  zinc  combines 
with  the  oxygen,  and  a  salt  of  zinc  is  produced;  but  the 
actual  energy  called  forth  by  the  union  does  not  at  first 
exhibit  itself  in  the  form  of  heat,  but  rather  in  that  of  an 
electric  current. 

No  doubt  a  large  portion  of  the  energy  of  the  electric  cur- 
rent is  ultimately  spent  in  heat,  but  we  may,  if  we  choose, 
spend  part  in  promoting  chemical  decomposition  ;  we  may, 
for  instance,  decompose  water.  In  this  case  part  of  the 
energy  of  the  battery,  derived,  as  has  been  stated,  from  the 
burning  of  the  zinc,  is  spent  in  heat,  and  part  in  decomposing 
the  water,  and  hence  we  shall  have  less  heat  than  if  there 
were  no  water  to  be  decomposed.  But  if  when  we  have  de- 
composed the  water  we  mix  together  the  two  gases — ^hydro- 
gen and  oxygen — which  are  the  result  of  the  decomposition, 
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and  explode  them,  we  shall  recover  the  precise  deficiency  of 
heat.  Without  the  decomposition,  the  burning  in  the  battery 
of  a  certain  weight  of  zinc  will  give  us,  let  us  say,  heat  equal 
to  I  GO,  while  with  the  decomposition  we  shall  only  obtain 
80 ;  twenty  units  of  energy  have  therefore  become  spent  in 
the  decomposition  ;  but  if  we  explode  the  mixed  gas  we  shall 
get  back  heat  equal  to  20,  and  thus  make  the  whole  result  of 
the  burning  of  the  zinc  100  units  of  energy  as 
before.  But  it  is  unnecessary  to  enter  at  present 
into  great  detail  regarding  the  various  changes 
of  energy  from  one  form  into  another  ;  suffice  it 
to  say,  that  amid  all  these  changes  of  form  the 
element  of  quantity  remains  the  same,  so  that 
if  we  adopt  the  notation  of  algebra,  and  denote 
by  s,  /,  u,  V,  w,  Xy  y,  2,  the  quantity  of  energy 
of  the  eight  varieties  already  mentioned  as 
present  in  the  universe,  these  letters  represent- 
ing variable  quantities,  then  we  shall  always 
have  s  +  t  +  u  +  v  +  w+x  +y  +  2  ==  3,  con- 
stant quantity ;  that  is  to  say,  while  u  may 
change  into  v  or  into  w,  and,  in  fact,  while  the 
various  forms  of  energy  may  change  into  each 
other,  according  to  the  laws  which  regulate  such 
changes,  nevertheless  the  sum  of  all  the  energies 
present  in  the  universe  will  always  remain 
constant  in  amount ;  and  this  is  the  doctrine 
known  as  the  Conservation  of  Energy, 

116.  Function  of  a  Macbine. — To  realize  the 

Fig.  40.        truth  of  this  doctrine,  let  us  take  one  of  the 

ordinary  mechanical  combinations,  such  as  a 

system  of  pulleys  (Fig.  40),  and  see  what  we  gain  by  its 

employment. 

In  this  system  there  are  two  blocks,  the  lower  one  move- 
able and  the  upper  one  fixed ;  while  the  same  string  goes 
round  all  the  pulleys. 

The  power  P  is  applied  to  the  extremity  of  this  string,  so 
that  the  tension  of  all  parts  of  this  string  is  equal  to  the 
weight  of  P. 
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Now  w  is  supported  by  six  strings :  hence  we  see  that  w 
must  be  6  times  as  great  as  P  in  order  that  there  may  be 
equilibrium. 

Suppose,  now,  that  P  is  equal  to  i,  and  w  to  6  kilo- 
grammes, and  that  P  is  pulled  down  6  metres,  we  have  thus 
spent  a  quantity  of  energy  upon  the  machine  represented 
by  I  X  6  =  6.  Our  gain  is  that  we  have  caused  the  weight 
w  of  6  kilogrammes  to  rise,  but  in  order  that  the  law  of  the 
conservation  of  energy  should  hold  good,  w  ought  not  to  rise 
higher  than  one  m^tre ;  for  if  it  did,  we  should  get  back  more 
energy  than  we  had  spent  upon  the  machine.  Now  it  will 
readily  be  seen  that  the  rise  of  w  will  be  6  times  less  than  the 
fall  of  P,  because  w  is  supported  by  six  strings,  while  P  is  only 
supported  by  one;  therefore  by  lowering  P  through  six 
metres,  each  of  these  strings  of  w,  and  hence  w  itself,  will  be 
raised  one  m^tre;  and  hence  the  gain  of  energy  by  the 
raising  of  w  into  a  position  of  advantage  will  be  6  X  i  =  6, 
or  precisely  what  was  spent  in  lowering  P. 

We  thus  see  that  in  such  a  machine  what  we  gain  in  force 
we  lose  in  space. 

The  same  law  will  hold  for  the  hydraulic  press  (Fig.  23). 
In  this  case,  if  the  area  of  the  two  pistons  be  as  i  :  100 
and  a  weight  of  10  kilogrammes  be  applied  to  the  small 
piston,  it  will  raise  1,000  kilogranmies  if  put  on  the  large  one ; 
but  since  the  volume  of  water  remains  constant,  the  rise 
of  the  larger  piston  will  only  be  i^th  of  the  fall  of  the 
smaller. 

Now,  if  the  smaller  piston  falls  one  m^re  with  a  weight 
of  10  kilogranmies,  we  have  spent  10  units  of  energy  on  our 
machine. 

But  the  large  piston  containing  1,000  kilogrammes  will  have 
risen  yjoth  of  a  m^tre,  so  that  we  shall  have  recovered  by 
its  rise  an  amount  of  energy  equal  to  1,000  X  xJu  =  10 ;  that 
is  to  say,  neither  more  nor  less  than  the  10  units  of  energy 
which  we  spent. 

Here,  too,  therefore,  and  indeed  in  all  machines,  we  do  not 
create  energy,  but  simply  transform  it  into  a  kind  more  con- 
venient for  us,  and  the  law  holds  universally  that  what  we 
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gain  in  force  we  lose  in  space,  so  that  the  power  multiplied 
by  its  space  of  descent  is  always  equal  to  the  weight 
multiplied  by  its  space  of  ascent. 

116a.  Unes  of  Porce.— The  great  importance  of  energy 
and  its  laws  has  given  rise  to  a  method  of  viewing  forces  with 
which  it  is  desirable  that  the  student  should  become  familiar. 

Let  us  take  as  an  example  terrestrial  gravitation,  and  sup- 
pose for  the  sake  of  simplicity  that  the  earth  is  a  perfect 
sphere,  and  that  the  value  of  the  force  of  gravitation  at  all 
points  of  its  surface  is  the  same. 

Let  us  further  imagine  that  gravitation  acts  by  means  of  a 
great  number  of  strings  which  pass  from  the  surface  to  the 
centre  of  the  earth,  and  which  therefore  pull  a  heavy  body 
such  as  a  kilogramme  (taking  this  as  our  unit  of  mass)  towards 
the  centre.  These  strings  we  may  imagine  to  be  very  close 
together,  and  at  the  same  time  to  be  evenly  distributed  over 
the  earth's  surface  and  all  pulled  with  the  same  force.  Each 
little  portion  or  molecule  of  our  kilogramme  will  thus,  let  us 
imagine,  have  a  string  attached  to  it,  and  the  weight  of  the 
kilogramme  will  be  due  to  the  united  puU  of  these  various 
strings. 

Suppose  now  that  we  carry  our  kilogramme  to  a  distance 
twice  as  far  removed  from  the  earth's  centre  as  its  present 
surface.  A  little  reflection  will  convince  us  that  at  this  double 
distance  only  one-fourth  of  the  previous  number  of  strings 
will  now  pass  through  the  kilogramme.  For  it  is  evident  that 
inasmuch  as  the  strings  proceed  radially  outwards  they  are 
now,  at  this  double  distance,  spread  over  a  surface  four  times 
as  great,  and  hence  that  the  number  intercepted  by  the 
kilogramme  will  be  only  one  quarter  of  that  which  it  was  at 
the  earth's  surface.  The  pull  upon  the  kilogramme  will  be 
therefore  only  one-fourth  of  what  it  was,  and  this  we  know  is 
the  case  because  gravity  varies  inversely  as  the  square  of  the 
distance.  It  would  thus  appear  that  by  this  way  of  looking 
at  things  the  intensity  of  the  gravitating  force  acting  upon 
the  kilogramme  is  represented  by  the  number  of  strings 
which  pass  through  its  particles,  or  in  other  language  by  the 
number  of  lines  of  force. 
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It  is  likewise  evident  that  if  the  kilogramme  be  allowed  to 
move  the  direction  of  its  motion  will  be  along  these  lines  of 
force  towards  the  earth's  centre. 

In  this  case  the  lines  of  force  are  straight  lines,  but  in  the 
case  of  magnetism  and  electricity,  as  we  shall  afterwards  see, 
the  lines  of  force  are  curved  lines. 

116b.  Eqnipotentlal  Surfaces. — Suppose  that  we  make  a 
surface  pass  through  all  those  points  that  are  at  the  same 
gravitation  level,  such  a  surface  will  be  an  Eqnipotentlal 
surface.  The  surface  of  the  ocean  is  such  a  surface,  and 
while  the  force  of  gravity  acts  on  a  particle  of  ocean  water  in 
a  direction  perpendicular  to  this  surface,  there  is  no  force  at 
all  which  acts  upon  it  in  the  plane  of  the  surface  urging  it  to 
go  from  one  point  to  another  of  that  plane.  (We  are  not  of 
course  discussing  here  the  action  of  the  winds  or  tides.)  But 
it  may  be  said —  Why  call  this  an  equipotential  surface  ? 
Why  not  rather  call  it  a  level  surface,  or  a  surface  all  of  whose 
particles  are  at  the  same  level  1  Why  use  the  word  equipo- 
tential in  order  to  express  the  character  of  the  surface  }  Now 
this  is  a  point  which  requires  some  explanation. 

Suppose  that  we  have  a  lake  whose  surface  is  one  m^tre 
higher  than  that  of  the  ocean — its  surface  will  likewise  be  an 
equipotential  surface,  but  the  value  of  its  potential  will  be 
different  from  that  of  the  ocean,  and  these  two  surfaces  will 
be  related  to  one  another  after  the  following  manner.  In 
order  to  carry  unit  of  mass,  />.,  one  kilogramme,  from  any 
part  of  the  lower  level  to  any  part  of  the  higher,  it  will  be 
necessary  to  expend  unit  of  work,  or  one  kilogramm^re,  in 
performing  the  operation. 

It  is  this  element  of  work  that  enters  into  the  conception  of 
equipotential  surfaces.  To  exemplify  this  let  us  consider  an 
imaginary  equipotential  surface  twice  as  far  from  the  earth's 
centre  as  the  present  ocean  surface,  and  let  there  be  another 
such  surface  a  m^re  above  it.  As  far  as  perpendicular  separa- 
tion is  concerned,  the  two  nearer  sets  of  surfaces,  i.e.,  the  ocean 
surface  and  that  of  a  lake  one  m^tre  above  it,  are  precisely 
analogous  to  the  imaginary  and  more  distant  surfaces.  Inas- 
much however  as  for  the  latter  the  force  of  gravity  is  only  one- 
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fourth  of  what  it  is  for  the  former,  it  will  require,  in  order  to 
carry  the  unit  of  mass  from  the  lower  to  the  higher  distant  level, 
only  one-fourth  of  the  work  that  would  be  required  to  carry 
it  from  the  lower  to  the  higher  level  at  the  surface  of  the  earth. 
As  far  as  potential  energy  is  concerned  it  will  therefore  be 
necessary  to  make  the  distant  surfaces  four  metres  apart  in 
order  that  they  may  be  comparable  to  the  nearer  surfaces. 

In  fine,  we  should  draw  our  equipotential  surfaces  at  such 
distances  from  each  other  that  it  will  be  necessary  to  spend 
unit  of  work  in  order  to  carry  unit  of  mass  from  any  one  to 
that  next  above  it. 

This  idea  of  work  or  energy  is  the  true  scientific  idea, 
while  that  of  perpendicular  distance  measured  by  the  plumb 
line  is  not  so. 

Indeed  it  will  be  afterwards  seen  that  we  have  equipoten- 
tial surfaces  with  respect  to  electrical  forces  as  well  as  for  the 
force  of  gravity,  and  that  for  such  forces  we  may  have  two 
surfaces  very  near  each  other  and  yet  possessing  very 
different  electrical  levels  or  potentials,  or  two  surfaces,  the 
one  vertically  above  the  other,  and  yet  possessing  the  same 
electrical  level  or  potential.  And  in  electricity,  as  well  as  for 
gravity,  we  may  measure  the  difference  of  potential  or  level 
by  the  amount  of  work  required  to  carry  an  electrical  unit 
from  the  one  electrical  level  to  the  other. 

On  the  other  hand,  measurement  of  differences  of  elec- 
trical level  by  means  of  the  plumb  line  would  be  absurd. 
'We  may  therefore  generalise  as  follows,  so  far  as  gravity  is 
concerned  :  — 

(a).  It  requires  no  expenditure  of  work  to  carry  unit  of 
mass  from  one  point  to  another  of  the  same  equi- 
potential surface. 

(b).  When  there  are  two  equipotential  surfaces,  such  that 
it  requires  the  expenditure  of  unit  of  work  to  carry 
unit  of  mass  from  the  one  level  to  the  other,  then  the 
difference  between  these  equipotential  surfaces  may 
be  regarded  as  unity. 

116c.  Tbe  C.6.S.  System  of  Units. — Inasmuch  as  the  laws 
of  energy  are  of  predominant  influence  in  the  science  of 
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Physics,  it  is  desirable  that  our  mechanical  unit  of  work 
should  be  related  to  our  other  units  in  as  simple  a  manner  as 
possible.  Hitherto  this  has  not  been  the  case,  for  our  unit 
bf  work,  or  the  kilogramm^tre,  represents  the  expenditure  of 
energy  necessary  to  raise  one  kilogramme  through  one  m^tre 
against  the  force  of  gravity.  Had  the  value  of  gravity  been 
unity  the  unit  of  energy  would  have  been  related  in  the  sim- 
plest possible  manner  to  the  units  of  length  and  force,  but 
the  value  of  gravity  is  9*8  (Art.  20). 

Again,  it  has  been  thought  desirable  to  use  as  the  scientific 
unit  of  length  not  the  m^tre  but  the  centimetre,  and  as  the 
scientific  unit  of  mass  not  the  kilogranune  but  the  granune. 
The  unit  of  time,  or  second,  remains  unaltered,  and  the  new 
system  of  units  is  called  the  centimtoe-gramme-second  sys- 
tem, or  sometimes  the  C.G.S.  system.  The  following  are  the 
essential  definitions  of  this  system; — 

1.  The  unit  of  length  is  the  centimetre. 

2.  The  unit  of  time  is  the  second. 

3.  The  unit  pf  velocity  is  the  velocity  of  one  centimetre  in 

one  second. 

4.  The  unit  of  mass  is  the  gramme. 

5.  The  unit  of  force  is  that  force  which  when  it  has  acted 

for  one  second  on  the  mass  of  a  gramme  shall  have 
generated  in  it  unit  of  velocity ;  that  is  to  say,  the 
velocity  one  centimetre  per  second. 
The  unit  of  force  is  called  the  dyne. 

6.  The  unit  of  work  is  the  work  necessary  to  move  a  body 

through  one  centimetre  against  unit  force. 
The  unit  of  work  is  called  the  erg. 

The  following  questions  will  enable  the  student  to  perceive 
the  relation  between  these  units  and  those  that  we  have 
hitherto  used: — 

Question  I. — What  is  the  value  in  the  C.G.S.  system  of  the 
acceleration  produced  by  gravity  ? 

Answer. — Since  gravity  generates  in  one  second  the 
velocity  of  9*8  metres  per  second,  it  generates  the  velocity 
of  980  centimetres  per  second ;  and  hence  980  is  the  value  of 
the  acceleration  produced  by  gravity. 
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Question  II,— What  is  the  value  in  the  C.G.S.  system  of 
the  force  which  expresses  the  weight  of  516  grammes.? 

Answer, — 516  X  980  =  505,680. 

Question  III, — What  is  the  value  in  the  C.G.S.  system  of 
the  energy  represented  by  one  kilogramm^tre  ? 

Answer. — In  one  kilogramme  there  are  1,000  grammes. 
Hence  the  value  in  the  system  of  the  weight  of  1,000  grammes 
will  be  980,000.  Now  we  have  to  move  against  this  force 
for  one  m^tre  or  100  centimetres,  and  since  the  erg  denotes 
motion  for  one  centimetre  against  unit  force,  the  value  of 
one  kilogramm^tre  will  be  980,000  X  100  =  98,000,000  ergs. 


CHAPTER  IV. 

MOLAR  ENERGY  AND  ITS  TRANSMUTATIONS, 

Lesson  XVI.— Varieties  of  Molar  Energy. 

117.  By  molar  energy  we  mean  the  energy  of  motions 
and  arrangements  on  a  large  scale.  Thus,  for  instance,  a 
cannon-ball  during  its  flight,  or  a  flowing  river,  form  examples 
of  such  motion,  and  a  stone  on  the  top  of  a  cliff  is  an  ex- 
ample of  such  an  advantageous  arrangement  as  far  as  energy 
is  concerned.  To  begin  with  the  first  description  of  energy, 
or  that  due  to  motion  on  the  large  scale  ;  there  are  many 
varieties  of  this.  Thus  we  have,  first  of  all,  the  energy  of 
a  body  in  actual  visible  linear  velocity,  such  as  a  railway 
train,  a  cannon-ball,  a  gale  of  wind,  a  stream  of  water,  a 
meteor. 

But  there  is  also  the  energy  due  to  rotatory  motion ;  as  for 
instance,  that  of  a  top  in  rapid  rotation,  or  that  of  the  earth 
in  its  rotation  round  its  axis. 

In  the  next  place,  there  is  the  energy  of  oscillating  and 
vibratory  motion  ;  in  the  former  category  we  may  place  the 
motion  of  a  pendulum,  while  the  string  of  a  musical  instru- 
ment is  a  very  good  illustration  of  the  latter.  The  whole 
phenomena  of  sound  are  to  be  included  under  this  last  head, 
for  although  the  vibrations  of  sounding  bodies  are  sometimes 
so  rapid  as  to  be  invisible,  yet  they  result  from  an  arrange- 
ment and  motion  of  particles  on  the  large  scale,  and  not  from 
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strictly  molecular  motions  and  arrangements,  as  is  the  case 
with  that  species  of  vibration  which  forms  light. 

Lastly,  we  have  the  potential  energy  of  a  body  occupying 
a  position  of  visible  advantage  with  respeqt  to  some  force. 
If  the  force  be  that  of  gravity,  we  have  the  energy  of  a  stone 
at  the  top  of  a  cliff,  of  a  head  of  water,  of  a  clock  wound  up, 
and  so  on  ;  or  again,  if  the  force  be  that  due  to  elasticity,  we 
have  the  energy  of  position  of  a  cross-bow  bent,  or  of  a  spring 
stretched,  with  many  other  similar  instances. 

Now,  under  certain  conditions,  these  various  forms  of 
visible  energy  are  transmuted  into  one  another,  while  under 
other  conditions  they  are  transmuted  into  the  various  forms 
of  molecular  energy  :  but  as  these  last  will  form  the  subject 
of  future  chapters,  we  shall  at  present  mainly  confine  our- 
selves to  a  description  of  the  various  forms  of  visible  energy 
and  their  transmutations  into  one  another. 

118.  Unear  Velocity. — Let  us  begin  with  the  energy  of  a 
rifle-ball.  In  its  rapid  flight  through  the  air  the  ball  imparts 
some  of  its  motion  to  the  particles  of  air  with  which  it  comes 
in  contact ;  but  neglecting  this  in  the  meantime,  let  us  sup- 
pose that  it  ultimately  strikes  a  heavy  mass  of  wood  hung  by 
a  string,  and  so  forming  a  pendulum,  in  the  centre  of  which 
it  lodges. 

Let  us  suppose  that  the  weight  of  the  ball  is  20  grammes 
and  its  velocity  200  metres  per  second,  and  that  the  weight 
of  the  heavy  block  of  wood  in  which  it  lodges  is  20  kilo- 
grammes. Before  impact  the  momentum  of  the  ball  was 
20  X  200  =  4,000,  if  we  adopt  the  m^tre  as  our  unit,  repre- 
senting a  mass  equal  to  20  moving  with  a  velocity  equad  to 
200.  After  the  impact,  we  have,  of  course,  the  same 
momentiun  of  4,000,  but  it  will  now  represent  a  mass  equal 
to  20,020,  moving  with  a  velocity  equal  to  0*2  nearly. 

Now,  according  to  the  method  of  estimating  energy  (Art. 

100),  that  of  the  ball  before  impact  will  be  - —  x  ~f'=  40*8 

1 ,000      190 

nearly,  whereas  after  impact  the  energy  of  the  united  mass 

(ball  plus  pendulum)  will  be      L^  X  77ri-  —  0*0408.     We 

1 ,000        190 
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thus  see  that  although  in  conformity  with  the  third  law  of 
motion  the  momentum  is  preserved,  yet  the  energy  after 
impact  is  a  thousand  times  less  than  the  energy  before,  so 
that  most  of  this  energy  has  disappeared  from  the  category 
of  visible  motion.  Into  what  form,  therefore,  has  it  been 
transmuted  ?  We  answer,  the  ball  has  worked  its  way  into 
the  heart  of  the  log  of  wood.  In  doing  so,  its  energy  has 
been  spent  in  accomplishing  the  disintegration  of  the  log  of 
wood ;  it  has,  in  fact,  been  spent  against  a  species  of  friction 
or  resistance  opposing  its  passage,  and  it  will  be  found  that 
the  production  of  heat  has  been  the  result.  So  that  in  this 
case  the  result  of  the  transference  of  a  quantity  of  momentum 
from  a  small  to  a  large  mass  has  been  the  conversion  of 
visible  energy  into  heat. 

119.  Resistance  of  Air. — So  in  like  manner  the  momentum 
originally  conamunicated  to  the  air  by  the  passage  of  the  ball 
gradually  becomes  distributed  over  larger  and  larger  masses 
of  air,  and  in  this  process  the  forward  momentum  in  the 
direction  of  motion  of  the  ball  is  strictly  preserved,  but  the 
energy  represented  by  this  momentum  becomes  less  accord- 
ing as  the  moving  mass  of  air  becomes  greater.  As  we  know 
there  is  no  loss  of  energy,  we  conclude  that  it  has  passed 
into  heat ;  and  could  we  only  perform  the  experiment,  we 
should  find  that  when  the  disturbance  produced  in  the  air 
by  the  ball  had  become  so  spent  as  to  be  insensible,  there 
would  be  a  certain  increase  of  temperature,  representing  the 
energy  derived  from  the  ball. 

We  are  thus  prepared  to  recognise  an  extension  of  the  first 
law  of  motion ;  for,  in  the  first  place,  when  the  moving  body 
is  not  acted  upon  by  any  external  force  it  will  continue 
moving  for  ever  with  a  uniform  velocity,  neither  losing 
momentum  nor  energy ;  while,  again,  if  it  be  acted  upon 
by  some  external  force,  such  as  the  resistance  of  the  air,  it 
loses  both  momentum  and  energy  ;  and  while  the  momentum 
which  it  loses  is  being  conamunicated  to  larger  and  larger 
masses  of  air,  and  is  thus  preserved,  the  energy  lost  by 
it  ultimately  takes  the  shape  of  heat,  and  is  thus  preserved 
likewise. 
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lao.  Impact  of  Inelastic  Bodies. — Let  us  now  vary  the 
case  by  considering  two  inelastic  solids  striking  against  each 
other.  Let  the  one  weigh  20  grammes,  and  have  a  velocity 
equal  to  20,  and  let  the  other  weigh  10  grammes,  and  have  a 
velocity  of  16  in  an  opposite  direction ;  we  have  thus  a  mo- 
mentum equal  to  400  in  one  direction,  and  one  equal  to  160 
in  the  opposite,  giving  an  excess  in  the  direction  of  motion  of 
the  larger  solid  equal  to  400-  160,  or  240.  Now  this  residual 
momentum  must  be  preserved  after  impact,  by  the  third  law  of 
motion,  and  hence  the  united  mass,  or  30  (for  the  balls,  being 
inelastic,  will  move  together),  will,  after  impact,  move  with 
a  velocity  equal  to  8.    But  the  united  energy  before  impact 

20        (20)2   .      10         (i6)2  ,    , 

^^^  iT^  ><  1^+  i7^  X-1^  =  °-539,  and  that  after 

,        30         (8)2 
impact  IS  only  j—  X  ^^6  =  ^'^^' 

What,  therefore,  has  become  of  the  remainder  of  the 
energy  ?  We  reply,  as  before,  it  has  been  transmuted  into 
heat.  It  would  thus  appear  that  the  collision  of  inelastic 
balls  results  in  a  transfer  of  visible  motion  into  heat. 

lai.  Impact  of  Elastic  Bodies. — But  the  case  is  altered  if 
the  balls  be  perfectly  elastic,^  for  there  is  then  no  transmuta- 
tion into  heat,  but  the  energy  of  visible  motion  is  preserved, 
as  well  as  the  momentuniy  and  is  the  same  both  before  and 
after  impact.* 

For  example,  let  two  perfectly  elastic  balls  weighing  re- 
spectively 4  and  3  kilogrammes,  moving  in  the  same  direction, 
with  velocities  5  and  4,  impinge  against  each  other,  then  we 
know,  by  the  laws  of  elastic  bodies,  that  after  impact  the 

29 
velocity  of  the  first  or  largest  ball  will  be  — ,  and  that  of  the 

36 
second  or  smallest  .ball  — -.     Now,  in  the  first  place,  the  mo- 
mentum before  impact  was  4,000  X  5  +  3,000  X  4  =  32,oc», 


1  Two  bodies  are  perfectly  elastic  when  the  momentum  impressed  during 
restitution  is  equal  to  tnat  spent  in  producing  compression. 

8  Part  of  the  energjy  is  probably  changed  into  vibrations  of  the  elastic  bodies, 
but  for  our  present  purpose  this  may  be  neglected. 
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29  36 

while  after  impact  it  is  4,000  X  y  +  3,000  X  "  =  32,000, 

which  is  the  same  as  before.     Also  the  energy  before  impact 

was  4    X  ^-^+  3   X    ^~r  =  ^^J  while  that  after  impact  is 
^       19*6  19*6      19-6  '^ 

4  X  C?§)*  +  3  X  {^"^  =   j^,   also  the  same  as  before. 

19*6  19*6 

Wherefore  both  the  momentum  and  the  energy  are  unaltered 
by  impact. 

The  most  interesting  case  of  impact  is  when  one  elastic 
ball  strikes  centrically  another  of  the  same  size  at  rest,  in 
which  case  the  first  ball  entirely  loses  its  motion,  which  is 
transferred  to  the  second.  Therefore  if  we  have  a  row  of 
such  balls  placed  near  each  other,  and  if  an  impulse  be 
communicated  to  the  first  of  them  in  the  direction  of  the  row, 
it  will  in  time  be  transmitted  along  the  whole  series  until  it 
reaches  the  last  ball,  which  will  then  (being  the  last)  start  off 
and  leave  the  series. 

las.  Energy  of  Rotation. — Let  us  next  consider  very 
shortly  the  case  of  a  disc  in  rapid  rotation.  We  have  already 
(Art.  17)  explained  that  such  a  motion  implies  great  force 
of  cohesion,  for  the  particles  at  the  circumference  of  the  disc 
have,  by  the  first  law  of  motion,  a  tendency  to  move  in  a 
straight  line  with  a  uniform  velocity  ;  as,  however,  they 
move  in  a  circle,  they  must  be  continually  acted  upon  by 
some  force.  The  tendency  to  rectilinear  motion  is  in  fact 
continually  resisted  by  the  force  of  cohesion,  tending  to  pre- 
vent the  separation  of  the  particles  of  the  disc,  and  the 
resulting  motion  is  a  compromise  between  the  centrifugal 
tendency  and  this  force.  But  while  there  is  thus  a  continual 
change  in  the  direction  of  motion  of  a  particle,  the  velocity 
will  remain  the  same,  for  if  the  velocity  of  the  various 
particles  composing  the  disc  were  to  change,  it  would  imply 
that  the  energy  of  motion  of  the  whole  disc  had  changed 
also  ;  but  this  cannot  be,  for  the  disc  will  retain  its  energy 
unchanged  by  the  law  of  the  conservation  of  energy,  unless 
it  be  acted  upon  by  friction  or  resistance,  in  which  case  the 
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energy  of  the  disc  will  be  gradually  transferred  to  the  bodies 
rubbing  against  it. 

And  generally  speaking,  wherever  we  have  in  nature  a 
strictly  circular  orbit  of  particles  round  a  central  force  we 
have  a  uniform  velocity,  and  the  energy  due  to  visible  motion 
of  the  mass  remains  constant. 

1183.  Energy  of  a  Body  moTins  in  aa  Ellipse. — Not  so, 
however,  if  the  orbit  be  elliptical.  Let  us  consider,  for 
instance,  the  motion  of  a  comet — a  body  which  describes 
a  very  elongated  elliptical  orbit,  having  the  sun  in  one  of  its 
foci. 

Let  the  comet  be  farthest  from  the  sun  at  b,  and  nearest 
him  at  A.  Now  the  comet,  while  moving  from  B  to  A,  has 
gradually  been  approaching  the  sun,  and  the  same  thing  will 
happen  to  it  as  when  a  stone  falls  to  the  earth. 

In  this  case  we  know  that  the  energy  of  position  of  the 
stone  is  gradually  changed  into  the  energy  of  actual  motion, 
and  so  in  like  manner  the  energy  of  position  which  the  comet 
has  at  B  (being  there  very  far  from  the  centre  of  gravitating 

force)  becomes  changed  as 
it  approaches  the  sun  into 
the  energy  of  actual  motion, 
until  at  A  it  is  moving  with  a 
very  great  velocity  ;  it  has  in 
^*"*  *'•  fact  fallen  towards  the  sun, 

from  the  distance  B  S  to  the  distance  A  S,  and  its  increase  of 
energy  will  be  that  which  would  be  acquired  by  a  body  of  its 
own  weight  falling  direct  towards  the  sun  from  a  distance 
B  S  to  one  A  S,  without  any  regard  to  the  path  by  which  it  has 
passed  from  the  one  position  to  the  other.  The  same  thing 
takes  place  in  the  case  of  the  earth  and  the  other  planets. 
Thus,  when  the  earth  is  nearest  the  sun  it  is  moving  fastest. 
If  we  assume  the  greatest  distance  of  the  earth  from  the 
sun  to  be  92,965,000  miles,  and  the  least  distance  89,895,000 
miles,  the  difference,  or  3,070,000  miles,  represents  the  distance 
through  which  the  earth  has  fallen  towards  the  sun  ;  the 
energy  of  actual  motion  of  the  earth  will  therefore  be  greater 
at  perihelion  than  at  aphelion,  by  that  due  to  the  mass  of 
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the  earth  falling  through  3,070,000  miles  under  the  attraction 
of  the  sun's  gravitating  force. 

la^.  Bnerey  of  a  Body  falUner  down  a  Plane. — The  laws 
of  energy  enable  us  to  determine  at  once  the  velocity  ac- 
quired by  bodies  falling  down  inclined  or  curved  planes. 

Let  us,  for  instance,  suppose  that  a  body  slides  or  rolls 
down  a  smooth  plane,  of  which  the  friction  may  be  neglected, 
and  let  the  vertical  height  of  the  place  be  10  mtees.  The 
bo^y  is  therefore  nearer  the  centre  of  the  earth  by  this 
amount  at  the  end  of  its  journey  than  at  the  beginning,  and 
without  regard  to  the  slope  or  ciu:vatxu*e  of  the  journey 
through  which  it  has  passed,  its  energy  of  position  will  at  the 
end  of  this  journey  be  less,  and  its  actual  energy  greater  by 
the  precise  amount  which  would  be  acquired  by  the  body  if 
it  fell  directly  downwards  to  the  earth's  centre  through  the 
space  of  10  metres.  We  thus  reproduce  the  well-known  pro- 
position in  mechanics  which  tells  us  that  the  velocity  of  a  body 
which  has  slid  down  an  inclined  plane  depends  only  upon 
the  vertical  height  of  the  plane,  without  regard  to  its  slope. 

If,  however,  the  plane  be  rough,  or  if  it  be  made  up  of  a 
series  of  inclined  planes  at  definite  angles  to  one  another, 
this  proposition  will  no  longer  hold,  for  in  a  rough  plane  part 
of  the  energy  is  lost  through  friction,  and  in  the  case  where 
the  slope  changes  suddenly,  part  is  lost  by  oblique  impact  at 
the  angles  of  the  plane. 

125.  Molar  Energy  of  Position. — We  have  already  in 
our  remarks  on  energy  alluded  sufficiently  to  molar  energy 
of  position.  This  kind  of  energy  is  exhibited  by  a  stone  at 
the  top  of  a  cliff,  by  a  head  of  water,  or  by  a  clock  wound  up, 
\{  gravity  be  the  force ;  it  is  also  exhibited  by  a  cross-bow 
bent,  or  by  a  watch  wound  up,  both  of  which  occupy  a 
position  of  advantage  with  reference  to  the  force  oi  elasticity. 
All  these  forms  of  potential  energy  are  naturally  transmuted 
into  molar  energy  of  motion.  Thus  the  stone  is  hurled  over 
the  cliff,  the  head  of  water  is  used  to  drive  a  mill-wheel,  the 
clock-weight  drives  the  clock-wheels,  the  cross-bow  dis- 
charges its  bolt,  the  watch-spring  drives  the  watch-wheels, 
and  so  on. 

K  2 
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126.  Energy  of  Pendulum. — We  come  now  to  consider 
the  case  of  oscillatory  and  vibratory  motions.  In  these  the 
energy  of  the  body  is  alternately  that  due  to  actual  energy 
and  that  due  to  position. 

Let  us  take  a  pendulum,  as  the  simplest  instance  of  oscilla- 
tory motion.  When  the  bob  of  the  pendulum  is  at  the 
summit  of  its  oscillation,  and  about  to  turn,  its  position  is 
similar  to  that  of  a  stone  which  has  attained  the  summit  of 
its  flight  and  is  about  to  fall ;  in  both  cases  the  energy  is 
entirely  due  to  the  position  of  advantage  which  the  body  has 
attained  with  regard  to  the  force  of  gravity.  When,  again, 
the  bob  of  the  pendulum  has  reached  its  lowest  point,  all  its 
energy  of  position  has  been  converted  into  that  of  actual 
motion,  and  it  is  then  moving  with  sufficient  velocity  to  en- 
able it  to  rise  (were  there  neither  friction  nor  resistance)  to  a 
height  equal  to  that  through  which  it  has  fallen,  but  on  the 
other  side  of  the  vertical.  When  it  has  attained  the  summit 
of  its  swing  on  this  side  its  energy,  as  before,  has  become 
converted  into  that  of  position,  and  it  begins  to  descend  once 
again ;  and  so  on  it  goes  swinging  alternately  from  left  to 
right  and  from  right  to  left,  always  moving  fastest  as  it  passes 
its  lowest  point,  and  at  the  summit  of  its  swing  having  only 
energy  of  position.  We  can  at  once,  by  means  of  the  laws  of 
energy,  determine  the  velocity  of  such  a  pendulum  at  any 
point  of  its  oscillation,  as  will  be  seen  from  the  following 
example. 

Example. — A  pendulum  bob  weighing  one  kilogramme 
is  so  swung  that  it  is  higher  from  the  centre  of  the  earth 
at  the  summit  of  its  oscillation  than  at  its  lowest  point  by 
the  space  of  one  d^cim^tre  ;  what  is  its  velocity  at  its  lowest 
point  ? 

Answer, — Its  energy  is  precisely  that  which  will  be  ac- 
quired by  one  kilogramme  falling  through  the  space  of  one 
d^cim^tre  under  the  influence  of  gravity  ;  that  is  to  say,  it 
will  be  o'l  if  unity  denote  the  energy  acquired  by  one  kilo- 
gramme falling  through  one  m^tre,  and  hence  its  velocity 

(Art.    loo)   will  be  found    from  the  expression =  o*i 

19-6 


LESS.  XVI.  MOLAR  ENERGY.  133 

whence  z/  =  i  '4  ;  this,  therefore,  is  the  velocity  acquired  by 
the  pendulum  at  its  lowest  point. 

127.  Foncanlt's  Xlzperiment. — Let  us  now  suppose  our 
pendulum  to  consist  of  a  heavy  weight  suspended  from  a  fine 
thread,  the  only  influence  of  the  thread  upon  the  pendulum 
being  that  due  to  its  tension,  which  thus  enables  it  to  support 
the  weight  and  keep  it  swinging.  It  is  clear  that  the  oscil- 
lations of  such  a  pendulum  will  always  continue  to  be  per- 
formed in  the  same  vertical  plane.  We  may,  for  instance, 
have  the  means  of  moving  round  the  suspension  pin  to  which 
the  thread  of  the  pendulum  is  attached,  but  we  shall  not 
succeed  by  this  means  in  altering  the  plane  of  the  oscillation. 

For  not  only  is  the  actual  motion  performed  in  this  plane, 
but  the  forces  which  vary  the  motion,  namely,  the  tension  of 
the  string  and  the  force  of  gravity,  are  all  in  the  same  verti- 
cal plane  with  the  motion  itself ;  it  is  clear  therefore  that  the 
motion  will  continue  to  be  in  this  plane.  Let  us  now  imagine 
that  we  are  standing  at  the  very  north  pole  of  the  earth,  and 
that  we  have  there  set  our  pendulum  in  motion  in  a  plane 
passing  through  the  meridian  of  Greenwich  :  the  motion  of 
the  pendulum  will  continue,  as  we  have  seen,  to  be  performed 
in  the  very  same  plane  in  which  it  was  started,  but  as  the 
earth  turns  round  its  axis  the  different  meridians  turn  with 
it,  so  that  in  six  hours'  time  the  vertical  plane  passing  through 
the  meridian  of  Greenwich  will  be  at  right  angles*  to  its  first 
position.  These  meridians  may  be  denoted  by  lines  drawn 
on  the  ground  under  the  pendulum,  and  at  the  earth's  pole 
this  system  of  lines  will  turn  round  their  central  point  once 
in  24  hours.  Not  so,  however,  the  plane  of  the  pendulum's 
motion,  which,  as  we  have  already  seen,  will  remain  station- 
ary, and  the  consequence  will  be  that  the  meridian  lines  will 
move  across  the  plane  of  motion  of  the  pendulum  ;  or,  which 
is  the  same  thing,  the  plane  of  motion  of  the  pendulum  will 
appear  to  travel  in  the  opposite  direction  round  the  system 
of  meridian  lines  once  in  24  hours,  forming,  as  it  were,  a 
species  of  clock.  We  have  chosen  the  pole  for  the  sake  of 
simplicity,  the  results  being  less  simple  if  the  pendulum  be 
swimg  at  any  other  latitude.     This  ingenious  experiment  was 
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devised  by  the  late  M.  Foucault  in  order  to  afford  an  inde- 
pendent proof  of  the  rotation  of  the  earth. 

laS.  Energy  of  Vibrations. — Let  us  now  pass  on  to  the 
case  of  vibratory  motion,  such  as  we  see  in  the  string  of 
a  musical  instrument,  or  in  a  bell.  This  motion  is  very 
analogous  to  that  of  the  pendulum.  In  vibratory  as  well 
as  oscillatory  motion  the  various  particles  of  the  body  are 
alternately  in  a  state  of  energy  due  to  actual  motion,  and  of 
energy  due  to  position  ;  the  particles  vibrate  alternately  on 
both  sides  of  their  position  of  rest,  and  in  passing  through 
this  position  they  are  always,  like  the  bob  of  the  pendulum, 
moving  fastest,  and  when  they  have  attained  the  limit  of 
their  excursion,  and  are  about  to  return,  their  energy  of 
actual  motion  is  «//,  because  it  has  been  wholly  converted 
into  energy  of  position.  There  is  another  bond  of  similarity 
between  a  pendulum  and  a  vibrating  body.  Thus  a  pendu- 
lum gradually  loses  its  motion  from  two  causes  ;  the  first  of 
these  being  the  resistance  of  the  air,  and  the  second  the 
friction  of  the  support  ;  the  motion  lost  through  the  air 
ultimately  passes  into  heat,  while  that  dissipated  by  friction 
ultimately  takes  the  same  shape. 

Now  in  a  vibrating  body  part  of  the  motion  is  carried  off 
by  the  air,  at  first  producing  that  audible  undulation  of  the 
air  which  we  call  sound,  but  afterwards  assuming  the  shape 
of  heat ;  p^urt  also  is  converted  into  heat  through  the  friction 
or  rubbing  against  each  other  of  the  various  parts  of  the 
vibrating  body. 

Thus  we  perceive  that  the  energy  of  visible  vibrations  is 
ultimately  converted  into  heat,  but  not  before  it  produces  an 
undulatory  motion,  which  affects  the  ear  as  sound.  We  shall 
study  this  undulatory  motion  at  greater  length  in  what  remains 
of  this  chapter  ;  meanwhile  let  us  recapitulate  the  various 
kinds  of  molar  energy  which  we  have  mentioned. 

129.  Recapittdatton. — There  is^Jirst,  the  energy  due  to 
actual  rectilinear  velocity,  ultimately  converted  at  our  earth's 
surface  into  heat  through  friction  and  resistance. 

There  is,  secondly,  the  energy  due  to  rotatory  motion. 

There  is,  thirdly,  the  energy  due  to  a  body  moving  in  an 
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elliptica]  orbit,  in  which  case  there  is  a  change  from  potential 
to  actual  energy,  and  back  again  in  the  various  parts  of  the 
orbit,  the  body  having  most  actual  energy  when  nearest  the 
centre  of  force,  and  most  energy  of  position  when  farthest 
away  from  it. 

There  \s,  fourthly,  the  energy  due  to  a  stone  on  the  top  of 
a  cliff,  or  to  some  body  in  a  position  of  visible  advantage 
with  respect  to  some  force. 

Then,  fifthly,  we  have  the  energy  of  oscillatory  motion, 
such  as  that  of  a  pendulum,  which  is  alternately  energy  of 
position  and  actual  energy,  but  which  through  friction  and 
resistance  will  ultimately  be  dissipated,  and  assume  the  form 
of  heat. 

And  sixthly  and  lastly,  there  is  the  energy  of  vibration  of 
a  vibrating  chord  or  plate,,  which  is  similar  to  that  of  an 
oscillating  pendulum,  inasmuch  as  the  energy  of  each  particle 
is  alternately  actual  and  potential,  and  which  also  ultimately 
assumes  the  form  of  heat. 


Lesson  XVIL— Undulations. 

130.     As  a  preliminary  to  sound  let  us  first  consider  in 
some  detail  the  subject  of  vibratory  motion. 

In  Fig.  42  let  a  simple  pendulum,  consisting  of  a  heavy 
baU  attached  to  a  thread,  be  swung  from  c, 
and  let  A  be  the  lowest  point  of  its  swing. 
It  is  very  easy  to  find  the  force  which  urges 
the  ball  towards  A  at  any  point  of  its  pro- 
gress, such  as  B.  Thus  we  have  at  B  the 
weight  of  the  ball  acting  vertically  down- 
wards, and  which  we  may  represent  by  the 
line  B  D.  Now,  by  means  of  the  parallelo- 
gram of  forces  we  may  decompose  B  D  into 
two  forces,  B  E  and  B  f,  of  which  be  is  in 
the  direction  of  the  string,  and  hence  only 
constitutes  a  pull  upon  the  string  without 
affecting  the  motion  of  the  ball.  The  resolved  portion  B  F 
is,  however,  precisely  in  the  direction  of  motion  of  the  ball 
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and  is  therefore  wholly  available  in  increasing  the  velocity 
of  this  motion  ;  B  F  will,  therefore,  represent  the  force  which 
urges  the  pendulum  towards  A  at  any  point  of  its  path  B. 
Now  B  F=B  D  sin  B  D  F  =  B  D  sin  E  B  D  (sincc  E  c  is  parallel 
to  D  f)  =  b  D  sin  c  (since  B  D  is  parallel  to  c  a)  ;  but  BD 
represents  the  weight  of  the  ball :  hence  the  force  at  any 
point  is  equal  to  the  weight  of  the  ball  multiplied  by  the  sine 
of  the  angle  which  the  string  at  that  point  makes  with  the 
vertical  ;  that  is  to  say,  this  force  is  proportional  to  the  sine 
of  the  angle  c  Now,  if  the  pendulum  only  moves  to  short 
distances  on  either  side  of  the  vertical,  the  arc  B  A,  and  hence 
the  angle  c,  will  be  very  small  ;  and  since  in  such  cases  the 
sines  of  angles  are  as  nearly  as  possible  proportional  to  the 
arcs  themselves,  the  force  at  B,  which  is  proportional  to  the 
sine  of  the  angle  c,  will  become  proportional  simply  to 
the  arc  B  A  ;  but  B  A  is  the  distance  of  the  ball  from  its 
position  of  rest  :  hence  the  force  which  urges  on  the  ball 
is  proportional  to  the  distance  of  the  ball  from  its  point 
of  rest,  or  in  other  words,  the  force  is  proportional  to  the 
displacement. 

131.  Isochronlsm. — We  thus  see  that  in  a  simple  pendu- 
lum making  small  vibrations  the  force  is  proportional  to  the 
displacement,  becoming  greatest  when  the  pendulum  is 
farthest  from  its  position  of  rest,  that  is  to  say,  when  its 
velocity  is  «//,  and  vanishing  when  it  is  at  its  lowest  point, 
that  is  to  say,  when  its  velocity  is  greatest. 

Now,  this  is  precisely  what  takes  place  in  elastic  bodies, 
such  as  springs,  &c. ;  for  in  all  these  the  force  of  restitution, 
or  force  tending  to  bring  the  spring  back  to  its  point  of  rest, 
is  proportional  to  the  displacement  :  and  it  is  furthermore 
found  that  in  all  such  cases  a  series  of  oscillations  or  vibra- 
tions will  be  performed  on  either  side  of  the  point  of  rest, 
and  that  these  vibrations  will  always  be  performed  in  the 
same  time,  without  reference  to  their  size  (see  Art.  53).  Thus, 
if  we  bend  a  spring  so  as  to  produce  a  displacement  equal  to 
unity,  and  it  vibrates  backwards  and  forwards  at  the  rate  of 
one  vibration  in  a  second,  and  if  we  now  distend  the  spring 
so  as  to  produce  a  displacement  equal  to  2,  the  vibrations 
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will  in  this  case  also  be  performed  at  the  rate  of  one  in  a 
second,  the  only  diiference  being  that  their  range  will  now 
be  twice  as  great  as  in  the  former  case. 

This  principle  of  isochronism,  or  the  faculty  of  performing 
vibrations  in  the  same  time  independent  of  their  extent,  ap- 
plies to  all  elastic  bodies.  Thus,  if  I  bend  an  elastic  rod,  it 
will  vibrate  in  the  same  time  whether  it  be  pulled  lightly  or 
strongly,  whether  the  point  bent  be  forced  one  millimetre 
or  two  millimetres  from  its  position  of  rest ;  and  if  I  bend 
another  and  a  different  rod,  it  also  will  perform  each  of  its 
vibrations  in  the  same  time,  independent  of  their  extent :  but 
the  time  of  vibration  of  the  second  rod  will  not  necessarily  be 
the  same  as  that  of  the  first 

13S.  Time  of  Vibratioii. — Now,  on  what  does  this  time  of 
vibration  depend  ?  It  may  be  desirable  to  enter  somewhat 
fully  into  this  question,  because  it  is  of  much  importance, 
while  the  dynamical  principles  upon  which  its  solution  is 
founded  are  capable  of  being  exhibited  without  the  aid  of 
the  higher  mathematics. 

Suppose  that  we  have  two  bodies  of  equal  mass  vibrating 
in  straight  lines  backwards  and  forwards,  on  either  side  of 
their  positions  of  rest,  to  which  each  is  attracted  by  a  force 
proportional  to  the  distance  from  that  point.  Let  the  mag- 
nitude of  this  force  be  the  same  for  both  bodies  when  their 
distance  from  their  respective  points  of  rest  is  the  same. 

Finally,  to  fix  our  conceptions,  let  us  suppose  that  the  range 
of  oscillation  of  the  second  body  is  double  that  of  the  first. 

In  the  next  place  divide  each  range  into  a  great  number  of 
small  divisions,  the  number  of  these  being  the  same  for  each 
range. 

Also  let  each  division  of  the  path  of  double  range  be 
double  that  of  the  corresponding  division  of  the  path  of  single 
range,  so  that,  in  fact,  the  large  path  and  its  various  divisions 
will  represent  the  small  path  and  its  various  divisions  magni- 
fied two  times. 

Let  us  next  consider  the  time  of  passage  of  each  body 
through  the  extreme  division  of  its  path  as  it  starts  to  approach 
its  centre  of  force. 
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Now  the  length  of  this  division  as  well  as  the  force  is 
double  in  the  case  of  the  body  of  double  range,  while  again 
we  may  suppose  this  force  to  remain  constant  for  each  body 
while  it  passes  across  one  very  small  division. 

It  follows  from  this  that  the  time  of  passage  across  the 
extreme  division  will  be  the  same  for  both  bodies,  since,  while 
the  one  division  is  double  of  the  other,  the  force  is  likewise 
doubled.  This  will  be  evident  if  we  reflect  that,  if  gravity 
were  double  of  what  it  is,  a  stone  would  fall  through  a  double 
space  in  the  first  second. 

It  follows,  moreover,  that  the  velocity  with  which  the  body 
enters  its  second  division  is  twice  as  great  in  the  case  of  the 
body  of  double  range.  This  will  be  evident  if  we  reflect  that, 
were  the  force  of  gravity  double,  the  velocity  generated  by 
a  body  that  had  fallen  from  rest  through  a  given  time  would 
be  doubled  also. 

Now  the  size  of  the  second  division  is  double  in  the  case 
of  the  body  of  double  range,  but  this  body  enters  the  double 
space  with  a  double  initial  velocity,  and  being  at  twice  the 
distance  from  its  position  of  rest  is  acted  on  throughout  by 
a  constant  force  the  double  of  that  acting  on  the  other  body. 
Hence  the  time  of  passage  through  the  second  division  is  the 
same  for  both  bodies,  and  the  increment  of  velocity  of  the 
more  distant  body  is  double  that  of  the  other. 

A  continuation  of  this  process  of  argument  will  suffice  to 
show  that  the  time  of  passage  of  the  first  body  through  any 
one  of  its  divisions  is  equal  to  the  time  of  passage  of  the 
second  body  through  the  corresponding  division,  and  hence 
the  whole  time  of  passage  of  the  first  body  from  its  extreme 
to  its  point  of  rest  will  be  equal  to  that  of  the  second  body 
between  these  corresponding  points. 

Here,  therefore,  we  have  a  proof  of  the  isochronism  of 
such  vibrations,  inasmuch  as  under  a  force  proportional  to 
the  distance  the  body  of  double  range  vibrates  as  fast  as  the 
body  of  single  range. 

In  the  next  place  let  us  take  two  paths  precisely  similar  in 
size,  and  divide  each  into  a  great  number  of  small  divisions 
after  the  manner  already  specified.  It  is  clear  that  the  divisions 
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of  the  one  path  will  be  precisely  equal  and  similar  to  those 
of  the  other.  Let,  however,  the  mass  of  the  body  be  four 
times  as  great  in  the  second  path,  while  notwithstanding 
the  force  remains  the  same  as  before.  During  the  time  that 
the  first  body  has  taken  to  pass  through  the  first  division, 
the  body  of  fourfold  mass  will  evidently  only  have  passed 
through  one-fourth  of  this  division,  and  (since  under  a  con- 
stant force  the  spaces  described  vary  as  the  squares  of  the 
times)  in  double  this  time  it  will  have  just  passed  through  this 
division. 

The  time  of  passage  through  the  first  division  is  therefore 
double  in  the  case  of  the  body  of  fourfold  mass. 

It  is  also  apparent  that  while  the  mean  velocity  of  passage 
through  the  first  division  is  only  one-half  in  the  case  of  the 
body  of  fourfold  mass,  the  velocity  with  which  it  enters  the 
next  division  will  also  only  be  one-half  of  that  for  the  other 
body.  Thus  in  the  case  of  the  body  of  fourfold  mass  the 
velocity  with  which  it  enters  one  division,  as  well  as  its  in- 
crement of  velocity  in  that  division,  will  always  be  only  one- 
half  of  the  corresponding  elements  for  the  less  massive  body 
—in  fine,  the  time  of  passage  of  the  more  massive  body 
through  any  one  of  its  divisions  will  be  double  of  that  for 
the  other  body,  and  hence  the  whole  time  of  passage  through 
all  the  divisions  will  likewise  be  double  in  the  case  of  the 
body  of  fourfold  mass.  Thus  by  keeping  the  force  the  same 
and  increasing  the  mass  four  times,  the  time  of  vibration  is 
doubled.  It  is  easily  seen  that  in  like  manner,  by  keeping 
the  mass  the  same  and  diminishing  the  force  to  one-quarter 
of  its  former  amount,  the  time  of  vibration  will  be  likewise 
doubled. 

In  fine,  the  time  of  vibration  depends  upon  the  ratio 

between  the  mass  and  the  force,  or  on  rz^  in  such  a  man- 
ner that  by  increasing  the  mass  four  times  we  double  the 

/mass 
time.     Therefore  the  time  of  vibration  oc  ^y  /  {qtcg 

We  may  illustrate  what  we  have  now  said  by  fastening  a 
steel  rod  at  one  end  and  striking  the  other,  when  the  vibra- 
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tions  will  be  very  rapid  ;  but  if  the  end  be  loaded  with  a  lump 
of  lead  the  vibrations  will  be  very  slow. 

133.  iVave  Motion.— Hitherto  we  have  been  considering 
the  vibration  of  a  single  body  or  particle  only  ;  let  us  now 
consider  a  line  of  particles  propagating  what  is  termed  an 
undulation  or  wave.  If  we  cause  an  ordinary  corkscrew  to 
turn  round  upon  its  axis,  we  perceive  the  progress  of  such  a 
fomt  or  wave  from  the  one  end  to  the  other  of  the  screw : 
nevertheless  we  are  perfectly  certain  that  no  individual  par- 
ticle of  the  screw  has  travelled  from  the  one  end  to  the  other. 
To  use  the  words  of  a  well-known  writer,  an  undulation  or 
wave  consists  in  the  continued  transmission  of  a  relative 
state  of  particles,  while  the  motion  of  each  particle  separately 
considered  is  a  reciprocating  motion.  There  are  many 
familiar  examples  of  this  kind  of  motion  which  will  at  once 
occur  to  our  readers.  Thus,  for  instance,  when  the  wind 
blows  over  a  field  of  corn,  we  see  a  form  progressing  across 
the  field,  but  we  know  that  notwithstanding  this  the  indi- 
vidual ears  of  com  do  not  move  from  their  places,  but  only 
vibrate  backwards  and  forwards.  In  like  manner,  if  we  throw 
a  stone  into  a  pool,  we  perceive  a  series  of  waves  spreading 
outwards  from  the  centre  of  disturbance,  while  at  the  same 
time  a  little  reflection  will  convince  us  that  the  individual 
particles  of  water  do  not  so  move. 

134-.  Up-and-Down  IVavea. — In  order  to  illustrate  wave 
motion,  let  us  first  take  a  case  where  the  motion  of  individual 
particles  is  at  right  angles  to  the  direction  of  transmission, 
as  in  a  wave  such  as  may  be  seen  proceeding  over  the  surface 
of  a  pool. 

Let  the  upper  line  of  Fig.  43  represent  a  series  of  waves 
of  this  kind,  the  particles  i,  1 1,  21,  &c.,  being  at  the  extremity 
of  their  upward  motion,  at  the  same  time  that  the  particles 
6,  16,  &c.,  are  at  the  extremity  of  their  downward  motion,  so 
that  1,11,21,  &c.,  form  the  crests  of  the  waves,  and  6, 16,  &c., 
their  troughs,  the  distance  between  two  contiguous  crests, 
such  as  I  and  11,  or  between  two  contiguous  hollows, 
such  as  6  and  16,  constituting  what  is  termed  a  wave- 
length. 
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Let  us  now  suppose  that  a  short  time  has  elapsed,  and  that 
when  we  again  view  the  phenomenon  we  find  it  as  in  the 
second  line  of  Fig.  43.  The  particle  i  has  now  descended, 
while  the  particle  3  is  at  the  summit  of  its  upward  motion, 
and  constitutes  the  top  of  the  wave.  In  fine,  the  state  of 
things  of  the  upper  line  has  been  pushed  forward  in  a  direction 
from  left  to  right  by  the  breadth  between  i  and  3,  or  the:«vave 
has  appeared  to  move  over  this  distance. 
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Fig.  43. 

In  the  next  figure  the  undulations  have  moved  forward  yet 
another  step,  until  now  the  particles  that  were  at  first  at  the 
extreme  limit  of  their  downward  motion  have  attained  the 
extreme  limit  of  their  upward  motion,  and  the  state  of  things 
has  progressed  a  distance  equal  to  half  a  wave-length  since 
we  first  viewed  it.  The  progression  of  a  relative  state  of 
particles  will  continue  to  go  on  in  the  same  direction,  from 
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left  to  right,  until  the  wave  whose  summit  was  at  i,  shall 
have  travelled  over  a  whole  wave-length,  and  taken  up  the 
position  1 1  ;  while  the  wave-crest  at  1 1  will  have  travelled  to 
21,  and,  in  fact,  everything  will  have  travelled  forward  one 
complete  wave-length. 

If  we  now  pause  to  regard  the  state  of  things,  we  shall  find 
that  the  particles  have  come  into  the  very  same  position 
which  they  had  at  first,  i,  ii,  21,  &c.,  representing  crests, 
and  6,  16,  &c.,  representing  hollows.  During  this  interval, 
therefore,  each  particle  must  have  performed  a  complete 
double  vibration.  It  thus  appears  that,  during  the  time 
which  the  wave  has  taken  to  travel  over  one  complete  wave- 
length, each  particle  has  made  a  complete  double  vibration  : 
so  that  if  A  denote  the  wave-length,  or  distance  from  one 
crest  to  the  next,  and  v  denote  the  velocity  with  which  the 
wave  is  propagated,  and  t  be  the  time  of  a  complete  double 
vibration  of  a  particle,  then  X,  or  one  wave-length,  will  have 
been  travelled  over  by  the  wave  in  the  time  /, — that  is  to  say, 

135.     IVavea  of  Condenaaiion  and  Baref action. — But  we 

may  have  other  waves  than  those  now  described ;  for  instance, 
the  motion  of  a  particle  may  not  be  in  a  direction  perpen- 
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Fig.  44. 

dicular  to  that  of  transmission,  but  it  may  be  in  the  same 
direction  ;  the  wave  may  not  be  one  of  up-and-down  motion, 
but  of  backward  and  forward  motion, — in  fact,  a  wave  of 
condensation  and  rarefaction. 

The  progress  of  such  a  wave  is  seen  in  Fig.  44,  where  the 
wave-length  as  well  as  the  states  of  progress  exhibited  are 
analogous  tot  hose  already  given  in  the  case  of  an  up-and- 
down  wave.  Here  also  we  see  that  a  complete  vibration  of  a 
particle  is  performed  in  the  time  during  which  the  undulation 
progresses  one  wave-length. 
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136.  Having  described  what  is  meant  by  wave-length,  we 
shall  now  explain  what  is  meant  by  the  phaae  of  a  vibrating 
particle.  The  phase  of  a  particle  at  any  given  moment 
denotes  its  place  and  direction  of  motion  at  that  moment, 
as  regards  its  vibration.  If  it  should  happen  to  be  at  its 
point  of  rest,  that  would  be  one  phase  ;  if  at  the  extremity 
of  its  upper  range,  that  would  denote  another  phase  ;  while 
half-way  between  the  two  would  be  a  third,  and  so  on, 
But  in  order  to  represent  the  phase  of  a  vibrating  particle 
with  perfect  precision,  it  is  necessary  to  have  recourse  to  a 
mathematical  expression. 

It  will  be  seen  that  in  an  undulation  no  two  contiguous 
particles  in  the  direction  in  which  the  wave  is  advancing  are 
in  the  same  phase  ;  this,  indeed,  is  the  essential  peculiarity 
of  an  undulation,  for  if  all  these  particles  were  at  precisely 
the  same  moment  pulled  in  the  same  direction,  and  to  the 
same  extent  from  their  original  positions  of  rest,  the  motion 
would  be  that  of  the  whole  body  and  not  an  undulation.  It 
is,  indeed,  the  distortion  implied  by  the  fact  that  different 
particles  are  differently  placed  at  the  same  moment  that 
gives  rise  to  the  forces  which  propagate  the  motion. 

When  a  wave  is  advancing, — by  the  front  of  this  wave 
we  mean  all  those  portions  of  it  that  are  in  the  same  phase. 
Thus  on  the  sea-shore  the  well-known  ridge  of  water  forms 
the  front  of  the  advancing  wave.  In  general  we  may  regard 
the  line  of  front  as  perpendicular  to  the  direction  in  which 
the  wave  is  advancing. 

137.  The  ampUtode  means  the  extent  of  vibration  of  any 
particle  on  either  side  of  its  position  of  rest.  Now,  we  have 
seen  (Art.  131)  that  the  time  of  vibration  of  the  particles  of 
elastic  bodies  is  independent  of  the  extent  or  amplitude,  and 
we  thus  see  that  we  may  have  two  sizes  of  waves,  in  both  of 
which  the  wave-length  and  velocity  of  propagation  shall  be 
the  same,  although  the  extent  of  vibration  of  the  individual 
particles  is  very  different  for  the  two.  If  the  undulation  be 
like  that  of  Fig.  43,  we  can  imagine  the  wave-length,  or 
distance  between  i  and  11,  to  remain  the  same,  while  the 
amount  of  elevation  and  depression  of  the  various  particles 
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is  much  altered  :  and  again,  if  the  wave  be  like  that  of 
Fig.  44,  we  can  equally  well  imagine  the  wave-length  to 
remain  unchanged,  while  the  amount  of  condensation  and 
rarefaction  of  the  various  particles  is  lessened  or  increased. 
In  fine,  the  wave-length  does  not  depend  upon  the  extent 
of  vibration  of  the  individual  particles. 


Lesson  XVI 1 1.— Sound. 

138.  Definition  of  Aconatica. — That  branch  of  physics 
which  relates  to  sound  is  termed  acoustics. 

The  word  "  sound  "  is  used  in  common  language  some- 
times to  denote  the  physiological  sensation  caused  in  the 
organs  of  hearing  by  an  aerial  impulse,  and  sometimes  it  is 
used  to  denote  the  impulse  itself.  It  is  in  this  latter  or 
physical  sense  that  we  shall  here  use  it  ;  so  that  when 
we  speak  of  the  velocity  of  propagation  of  a  sound,  we 
mean  the  rate  of  transmission  of  an  aerial  impulse  regarded 
as  an  external  existence,  independent  of  our  capacity  of 
hearing. 

139.  Mnaical  Sound  and  Noiae. — When  a  sudden  blow 
is  delivered  to  the  air,  as  when  a  cannon  is  discharged  or  an 
electric  spark  is  made  to  pass,  the  impulse  is  propagated 
through  the  air,  and,  ultimately  reaching  our  ear,  affects  us 
as  a  noise,  A  noise,  therefore,  represents  a  sudden  and  irregu- 
lar blow,  and  has  no  perceptible  wave-length.  But  if  this  blow 
is  periodically  delivered,-  say,  for  instance,  if  the  air  is  struck 
ICO  times  in  a  second, — then  it  is  clear  that  a  particle  of  air 
to  which  the  first  blow  has  been  propagated  will  in  one- 
hundredth  of  a  second  be  reached  by  the  second  blow,  and 
so  on  ;  in  fact,  every  hundredth  of  a  second  this  particle  of 
air  will  be  similarly  affected,  so  that  the  particle  may  be  sup- 
posed to  make  a  complete  vibration  in  this  time.  Now,  let 
us  suppose  that  the  impulse  is  propagated  at  the  rate  of  340 
metres  in  one  second,  then  every  hundredth  of  a  second  it 
will  have  advanced  3*40  metres.  But  we  have  seen  (Art.  134) 
that  in  the  time  of  a  complete  vibration  the  impulse  advances 
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one  wave-length,  so  that  in  the  instance  now  given  the  wave- 
length is  obviously  3*40  metres.  Thus  we  see  that  the 
uniform  repetition  of  blows  has  given  an  element  to  the 
sound  which  was  wanting  in  an  irregular  blow,  for  it  has  now 
acquired  a  definite  wave-length. 

When  this  succession  of  aerial  impulses  reaches  the  ear, 
they  will  not  be  perceived  as  separate  noises,  but  they  will 
be  sufficiently  rapid  to  produce  a  continuous  and  pleasing 
impression. 

To  the  well-organized  ear,  the  nature  of  this  impression 
will  depend  upon  the  wave-length  ;  and  when  the  sound  has 
a  certain  wave-length,  such  an  ear  will  at  once  pronounce 
it  to  be  of  a  certain  pitch,  or  to  have  a  certain  value  in 
the  musical  scale.  We  thus  see  that  wave-length  is  a 
physical  fact,  independent  of  the  ear,  while  musical  value  or 
pitch  refers  rather  to  the  physiological  impression  produced 
on  the  organs  of  hearing  by  a  sound  of  a  given  wave-length. 

Now,  if  the  string  of  a  musical  instrument  makes  a 
complete  vibration  in  one-hundredth  of  a  second,  then  each 
particle  of  this  string  will  be  in  precisely  the  same  vibrating 
phase  100  times  every  second,  and  hence  100  times  each 
second  will  this  string  communicate  the  same  sort  of  im- 
pulse or  blow  to  the  air,  of  which  the  wave-length  will  be 
precisely  the  same  as  if  the  air  had  been  struck  100  times 
every  second. 

Besides  wave-length  the  ear  perceives  Intensity ;  thus  the 
same  sound  will  appear  much  less  intense  to  one  who  is  at 
a  distance  from  the  sounding  body  than  to  one  who  is  near 
it.  Again,  the  same  note  will  have  a  different  effect  upon 
the  ear  if  produced  by  two  different  instruments,  so  that  we 
recognize  something  in  a  note  besides  pitch  and  intensity. 
This  something  is  analogous  to  quality,  and  is  called  the 
timbre  of  the  note.  Indeed  no  note  is  ever  entirely  pure,  and 
the  timbre  has  been  found  by  Helmholtz  to  depend  upon  the 
number  and  intensity  of  the  various  tones  that  constitute  the 
compound  note. 

14>0.  Mature  of  Sonnd  IXTaTes. — From  all  this  we  see  that 
the  air  is  struck  by  a  sounding  body,  and  that  the  nearer 
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particles  of  air  communicate  the  blow  to  those  next  them, 
and  those  again  to  the  next  layer,  and  so  on,  just  as  if  the 
same  particles  were  a  series  of  equal  elastic  balls,  in  which 
case,  as  we  have  already  seen  (Art.  121),  an  impulse  is  pro- 
pagated from  ball  to  ball  very  much  after  the  manner  in 
which  the  air  propagates  sound.  Sound  thus  represents  a 
wave  of  condensation  and  rarefaction,  and  not  an  up-and- 
down  wave,  and  the  motion  of  the  aerial  particles  is  back- 
wards and  forwards  in  the  line  of  propagation. 

141.  Sound  is  not  propagated  in  Vacuo.  —  But  if  the 
vibrating  body,  such  as  a  string  or  plate,  be  placed  in  vacuo, 
and  there  struck,  we  shall  have  no  sound,  because  sound 
denotes  the  communication  of  part  of  the  energy  of  the 
vibrating  body  to  the  substance  or  medium  with  which  it  is 
in  contact,  and  hence  if  it  be  not  in  contact  with  a  suitable 
medium  it  cannot  communicate  any  of  its  energy.  This 
may  be  shown  by  the  following  experiment.  Place  a  small 
metallic  bell,  which  is  periodically  struck  by  a  hammer,  in 
the  receiver  of  an  air-pump,  and  gradually  exhaust  the  air. 
It  will  be  found  that  as  the  process  of  exhaustion  goes  on  the 
sound  will  become  weaker  and  weaker,  and  could  we  succeed 
in  surrounding  the  body  by  a  complete  vacuum  we  should  not 
hear  any  sound  whatever. 

14>2.  Beflexion  of  Sound. — When  a  wave  of  sound  in  its 
progress  through  the  air  strikes  upon  an  obstacle,  it  is  re- 
flected from  it,  and  this  reflexion  will  take  place  according 
to  the  following  law  : — 

_  f,         _,  Let  A  D  B  (Fig.  45)  represent 

a  plane  perpendicular  to  the 
paper,  and  let  a  wave  or  ray  of 
sound  E  D  strike  it  at  the  point 
D  ;  at  D  draw  D  c  perpendicular 
to  the  plane  A  D  B,  then  the 


^  J^  ^    wave  will  be  thrown  off  by  the 

surface,  or  in  other  words  re- 
flected in  the  direction  D  E',  such  that  the  angle  E  D  c  shall 
be  equal  to  c  D  e',  and  the  three  lines  E  D,  D  c,  and  D  e',  shall 
be  in  the  same  plane,  this  plane  being  perpendicular  to 
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that  of  A  D  B.  If  we  call  c  D  E  the  angle  of  incidence, 
and  c  D  E'  the  angle  of  reflexion,  we  have  the  following 
laws  : — 

(i.)  The  angle  ^^f  reflexion  is  equal  to  the  angle  of 
incidence, 

(2.)  The  incident  and  the  reflected  ray  are  both  in  the  same 
plane,  which  is  also  perpendicular  to  that  of  the  reflecting 
surface. 

It  will  be  afterwards  seen  that  the  laws  of  reflexion  are  the 
same  both  for  sound  and  light. 

143.  Behoes. — When  a  sound  strikes  an  obstacle,  and 
is  reflected  by  it  so  as  to  cause  a  repetition,  this  constitutes 
an  echo. 

Sometimes  the  reflected  sound  is  much  more  audible  than 
the  original.  For  instance,  the  direct  sound  of  a  peal  of  bells 
may  be  prevented  by  some  obstacle  from  impressing  the  ear, 
while  their  echo  from  a  row  of  houses  may  be  quite  audible. 

In  order  that  a  word  may  be  distinctly  repeated  by  an 
echo,  a  small  but  appreciable  interval  of  time  must  elapse 
between  the  end  of  the  word  and  the  beginning  of  the  echo, 
so  that  if  the  word  is  a  long  one  the  reflecting  surface  will 
require  to  be  farther  away  than  if  it  be  short.  For  a  word  of 
one  syllable  the  reflecting  surface  will  require  to  be  not  less 
than  42  metres  distant  from  the  ear  ;  for  words  of  two 
syllables  this  distance  will  have  to  be  doubled,  and  so  on. 
Sometimes  the  reflected  sound  is  again  reflected ;  and  we 
have  accounts  of  curious  echoes  where  the  original  sound  is 
repeated  as  often  as  twenty  times.  In  whispering  galleries 
the  sound  is  successively  repeated  from  the  smooth  walls  of 
the  gallery.  In  that  of  St.  Paul's,  London,  a  whisper  at  one 
side  of  the  dome  is  conveyed  to  the  other  without  being 
heard  at  any  intermediate  point. 

144.  Cosjuirate  Beflectora. — By  employing  two  conjugate 
reflectors,  as  in  Fig.  46,  and  by  placing  a  sounding  body  at 
the  focus  of  one  mirror,  the  sound  which  diverges  from 
it  will  be  reflected  as  in  the  figure,  until  it  ultimately  comes 
to  a  point  at  the  focus  /  of  the  other  mirror.  Thus,  if  a 
watch  be  placed  at  the  one  focus,  its  ticking  will  be  heard 
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very  distinctly  at  the  other ;  or  if  a  sensitive  flame  be 
placed  in  the  focus  of  the  one  and  a  Galton's  whistle  in  that 
of  the  other,  the  sensitive  flame  will  be  affected  in  a  very 
apparent  manner. 

It  is  related  that  at  the  Cathedral  of  Girgenti,  in  Sicily, 
the  slightest  whisper  is  conveyed  from  the  great  western  door 
to  the  cornice  behind  the  high  altar,  through  a  distance  of 
250  feet,  and  that,  unfortunately,  the  focus  at  the  former 
station  was  chosen  for  the  place  of  the  confessional.      The 


result  was  that  a  listener  placed  at  the  opposite  focus  often 
heard  what  was  never  intended  for  the  public  ear,  until  at 
length  the  circumstance  became  known  and  another  site  was 
chosen. 

IAS.  Refraction  of  Sound. — But  there  is,  besides  re- 
flexion, another  bond  of  similarity  between  the  two  agents 
sound  and  light,  for  both  are  capable  of  refraction  or  bend- 
ing. Thus  a  convex  lens  made  of  glass,  or  in  fact  of  any 
transparent  substance  denser  than  the  air,  has  the  power  of 
concentrating  light  or  bending  it  to  a  point  ;  and  if  a  lens  of 
this  kind  (Fig.  47)  be  placed  so  as  to  receive  the  rays  from  a 
luminous  body  at  s  directly  upon  it,  these  rays  will  be  brought 
to  a  focus  at  some  point /after  having  passed  through  the 
lens,  and  will  there  be  so  concentrated  as  probably  to 
cause  ignition  if  a  combustible  substance  be  placed  at  / 
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M.  Sondhauss  has  made  similar  experiments  with  regard  to 
soimd.  He  made  a  lenticular  bag,  which  he  filled  with 
carbonic  acid  gas,  a  substance  denser  than  ordinary  atmos- 
pheric air.  Placing  a  watch  at  one  side  of  the  lens, 
he  found  that  there  was  one  particular  point  or  focus 
at  the  other  side  where  the  sound  of  the  watch  could  be 
most  distinctly  heard,  and  he  argued  from  this  that  the 
carbonic  acid  gas  refracted  the  sound  just  as  a  lens  refracts 
light.  The  refraction  of  sound  by  the  atmosphere  will  be 
discussed  in  Art.  153. 


Fig.  47. 

146.  Velocity  of  Sonnd  In  Air. — Both  light  and  sound 
travel  through  the  air  with  certain  definite  velocities,  but 
that  of  light  is  very  great  as  compared  with  sound.  The 
consequence  is,  that  if  a  cannon  be  discharged  at  a  great 
distance,  and  if  we  record  the  moment  when  we  see  the  flash, 
we  may  be  sure  that  this  is  as  nearly  as  possible  the  exact 
moment  when  the  cannon  was  fired,  since  the  light  cannot 
have  occupied  an  appreciable  time  in  reaching  our  eye.  If 
we  listen  attentively  after  having  seen  the  flash,  we  shall 
presently  hear  the  report,  and  the  interval  between  the  flash 
and  the  report  will  denote  the  length  of  time  which  the  sound 
has  taken  to  travel  from  the  cannon  to  us.  By  this  means 
observers  have  determined  the  velocity  of  sound,  which  is 
found  to  be  very  nearly  340  metres  per  second  under  ordinary 
atmospheric  conditions. 

Sounds  of  various  wave-lengths  all  travel  at  the  same  rate, 
and  Biot  found  that  an  air  played  at  one  end  of  a  tube  1,040 
yards  long  was  heard  without  alteration  at  the  other  end. 
It  is,  however,  believed  that  a  very  loud  sound,  such  as  the 
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report  of  a  gun,  or  thunder,  is  propagated  somewhat  more 
rapidly  than  a  very  weak  one. 

14-7.  Velocity  in  other  Gasea.— The  velocity  of  sound 
depends  upon  the  nature  of  the  gaseous  medium.  Suppose, 
for  instance,  that  we  have  a  gas  which  under  the  ordinary 
atmospheric  pressure  is  only  half  as  dense  as  air,  and  imagine 
that  two  precisely  similar  undulations  of  the  same  amplitude 
and  wave-length  are  travelling  in  the  two  media ;  then,  while 
the  differences  of  pressure  which  give  rise  to  the  vibrations 
are  the  same  in  both,  the  mass  to  be  moved  is  only  half  as 
large  in  the  case  of  the  lighter  gas.  The  vibrations  of  the 
particles  of  this  gas  will  therefore  be  performed  in  less  time, 
while  the  velocity  of  propagation  of  the  wave  will  be  propor- 
tionally increased,  the  velocity  of  propagation  being  obviously 
inversely  proportional  to  the  time  of  vibration  of  a  particle 
as  long  as  we  keep  to  waves  of  the  same  wave-length  ;  for  by 
Art.  134  the  time  of  complete  vibration  is  seen  to  be  the  time 
which  the  wave  takes  to  advance  through  one  wave-length. 
Dulong  has  made  the  following  determination  of  the  velocity 
of  sound  (at  0°  C.)  in  different  gases  ;  — 

Carbonic  acid  .     .  261*6  metres  per  second. 

Oxygen    ....  317*2 

Air 333*0 

Carbonic  oxide  337*4        >?  ?? 

Hydrogen    .     .     .  1269*5         „  „ 

Again,  it  is  well  known  that  the  relative  densities  of  these 
various  gases  are  as  follows — that  of  air  being  the  unit : — 

Name.  Density. 

Carbonic  acid i  '529 

Oxygen 1*106 

Air 1*000 

Carbonic  oxide 0*968 

Hydrogen 0*069 

It  will  easily  be  seen  that  in  accordance  with  the  for- 
mula of  Art.  132,  the  relative  velocity  of  sound  in  various 
gases  is  in  point  of  fact  as  well  as  from  theory  inversely 
proportional  to  the  square  root  of  the  density  of  the  gas. 


since 
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For  the  density  of  the  gas  indicates  the  extent  to  which 
the  mass  is  increased,  the  forces  concerned  in  the  propa- 
gation meanwhile  remaining  the  same.     Now  the  formula 

tells  us  that  the  time  of  vibration  oc  ,  /5?^,  and 

V  force 

the  velocity  of  propagation  is  obviously  inversely  propor- 
tional   to    the    time    of    vibration,    we    have    velocity    of 

propagation,  oc  *.  /--— '  and  thus  while  the  force  remains 
'V  mass 

constant  the  velocity  will  vary  inversely  as  the  square  root 

of  the  mass.     That  it  does  so  as  a  matter  of  fact  will  be  seen 

from  the  following  table : — 

Name.  1  Relative  velocity 

of  sound ; 
that  in  Air  =  i. 

0790 

0-952 

rooo 
1*013 
3-810 

In  this  table  it  will  be  seen  that  the  two  columns,  one  of 
which  denotes  the  calculated  and  the  other  the  observed 
velocity  of  sound,  are  as  nearly  as  possible  alike. 

14>8.  Velocity  doea  not  vary  with  Density. — We  have 
seen  that  the  quantity  of  sound  carried  off  by  the  air  from, 
a  vibrating  body  depends  upon  the  density  of  the  air ;  never- 
theless, the  velocity  with  which  sound  is  propagated  will  be 
the  same  in  rare  as  in  dense  air ;  that  is  to  say,  provided 
the  chemical  nature  of  a  gas  and  its  temperature  remain 
unchanged,  the  velocity  of  sound  does  not  vary  with  its 
density,  the  reason  being  that  in  the  same  gas,  although 
the  pressure  differences  which  cause  the  vibrations  are  pro- 
portional to  the  density  of  the  gas,  yet  the  mass  to  be  moved 
is  increased  in  the  same  proportion.  We  have  thus  a  double 
pressure  difference  to  move  a  double  mass,  so  that  the  two 
things  precisely  counteract  each  other,  and  the  velocity 
remains  unaltered. 


V 

Mass. 

Carbonic  acid  . 

0-809 

Oxygen    .     .     . 

0-951 

Air      .... 

I -000 

Carbonic  oxide 

roi6 

Hydrogen     .     . 

3799 
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149.  Velocity  ▼aries  wifh  Temperature.— If,  however,  the 
gas  in  question  be  greatly  raised  in  temperature,  then  we  may- 
have  the  same  pressure  difiference,  and  hence  the  same 
moving  force  with  a  very  much  smaller  mass,  and  the  velocity 
of  propagation  will  therefore  be  increased.  Hence  sound 
travels  faster  in  warm  than  in  cold  air,  and  this  is  the  reason 
why  in  the  table  given  above  the  temperature  at  which  the 
observations  were  made  is  recorded  as  well  as  the  nature  of 
the  gas. 

If  the  temperature  of  a  gas  be  reckoned  from  the  absolute 
zero  of  temperature  (Art.  247),  then  if  the  temperature  so 
reckoned  be  increased  four  times  the  density  at  atmospheric 
pressure  will  be  diminished  four  times  and  the  velocity^  of 
sound  doubled. 

160.  Velocity  in  Idqnids  and  Solids.— By  means  of 
experiments  made  at  the  Lake  of  Geneva,  it  has  been  as- 
certained that  the  velocity  of  sound  in  water  is  nearly  four 
times  as  great  as  in  air.  In  solids  it  is  still  greater  ;  thus  in 
wood,  for  instance,  sound  travels  from  10  to  16  times  as  fast 
as  in  air. 

161.  Circomstances  aifectins  intensity  of  Sonnd. — When 
the  air  is  disturbed  so  as  to  cause  a  sound,  this  disturbance 
spreads  out  on  all  sides  of  the  body  which  causes  it.  Let  us 
suppose  that  the  source  of  disturbance  is  in  mid-air,  and  that 
at  a  given  instant  the  sound  has  spread  to  the  distance  of 
100  metres  on  all  sides  of  this  source,  the  disturbance  will 
therefore  occupy  the  surface  of  a  sphere,  of  which  the  radius 
is  100  metres.  But  the  radius  of  the  disturbed  sphere  will 
evidently  go  on  increasing,  until  in  a  very  short  time  the 
disturbance  will  occupy  the  surface  of  a  sphere  the  radius  of 
which  is  200  metres.  Now,  in  the  latter  case,  the  disturbed 
surface  is  four  times  as  great  as  in  the  former,  since  the  sur- 
faces of  spheres  vary  as  the  squares  of  their  radii,  and  hence 
in  this  latter  case  the  same  amount  of  energy  will  be  spread 
over  four  times  the  surface,  the  result  of  which  will  be  that 
the  amount  of  energy  corresponding  to  unit  of  surface,  that 
is  to  say  the  intensity,  will  be  four  times  less.  Thus  by 
doubling  the  distance  from  the  centre  of  disturbance,  we 
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diminish  the  intensity  four  times ;  that  is  to  say,  the  intensity 
varies  inversely  as  the  square  of  the  distance. 

It  is  clear  that  in  this  demonstration  we  have  supposed 
that  the  whole  of  the  energy  which  occupied  the  surface  of 
the  sphere  of  100  metres  in  radius  will  be  conveyed  outwards 
as  the  undulation  progresses,  without  diminution,  so  as  after- 
wards to  occupy  the  surface  of  a  sphere  of  200  metres  in 
radius.  If,  however,  any  of  the  energy  be  absorbed  in  its 
passage  outwards,  this  law  will  no  longer  hold  good,  but  the 
intensity  will  in  this  case  diminish  more  rapidly  than  the 
inverse  square  of  the  distance.  Now  probably  a  small  part 
of  the  energy  of  sound  is  converted  into  heat  as  it  passes 
along  the  air,  in  consequence  of  which  the  intensity  will 
diminish  somewhat  more  rapidly  with  the  distance  than  we 
have  indicated. 

I5S.  The  intensity  of  Sonnd  depends  upon  the  density 
of  the  Air. — The  experiment  with  the  receiver  showed  us 
that  the  more  air  was  rarefied  the  less  capable  was  it  of 
transmitting  the  sound  of  the  bell.  Thus,  also,  at  the  top  of 
Mont  Blanc,  where  the  air  is  very  much  rarefied,  the  dis- 
charge of  a  pistol  does  not  produce  such  a  noise  as  it  does 
at  the  earth's  surface.  In  like  manner  sound  is  enfeebled  in 
hydrogen  gas,  which  is  much  less  dense  than  air  ;  in  fine,  if 
the  particles  of  a  medium  be  small  and  far  apart,  they  do 
not  carry  off  the  energy  of  a  vibrating  body  to  the  same 
extent  as  if  they  were  large  and  close  together. 

153.  Atmospheric  Conditions  affecting  the  audibility  of 
Sounds. — It  is  well  known  that  sound  is  better  heard  when 
travelling  with  the  wind  than  when  travelling  against  it, 
and  the  reason  of  this  has  been  explained  by  Professor  Stokes. 
The  velocity  of  the  wind  quite  close  to  the  ground  is  much 
reduced  by  friction,  so  that  as  we  ascend  vertically  the  wind 
increases  in  velocity.  Now  an  undulatory  disturbance  such 
as  sound  partakes  of  course  of  the  movement  in  space  of  the 
body  through  which  it  is  passing,  whether  this  be  the  move- 
ment of  the  earth  in  its  orbit  or  the  movement  along  the 
earth  of  the  column  of  air  conveying  the  sound. 
^   In  order  to  appreciate  the  influence  of  wind  on  the  audi- 
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bility  of  sound  let  us,  first  of  all,  imagine  a  sound  progressinjj 
in  the  same  direction  as  the  wind  (Fig.  47«),  this  wind  being 
more  violent  at  a  point  c  above  the  earth  than  it  is  at  a 
point  B  at  the  earth's  surface  ;  now  let  A  B  denote  the  front 
of  the  wave  to  begin  with  (Art.  136),  the  direction  of  propa- 
gation being  perpendicular  to  this  front.  It  is  clear  that  the 
disturbance  at  c  will  be  carried  more  quickly  forward  than 
that  at  B,  since  it  is  moving  with  a  stronger  wind.  Hence 
after  a  time  the  front  of  the  wave  will  be  in  the  position  a  b, 
and  the  direction  of  propagation  being  always  perpendicular 
to  the  front  will  tend  to  carry  the  sound  down  toward  the 
earth  ;  thus  the  sound  will  be  well  heard. 
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Fig.  47*. 

On  the  other  hand,  if  the  sound  be  moving  against  the 
wind,  as  in  Fig.  47^,  the  front  will  change  in  such  a  manner 
as  to  carry  the  sound  upwards  rather  than  downwards,  in 
consequence  of  which  it  will  not  be  well  heard. 

Professor  Osborne  Reynolds  has  recently  extended  this 
reasoning  to  layers  of  air  of  different  temperature.  If  there 
be  a  rapid  falling  off  in  the  temperature  of  the  air  as  we 
ascend,  then  the  velocity  of  propagation  of  the  impulse  for 
the  upper  layers  will  (Art.  149)  be  diminished  by  this  cause, 
just  as  in  Fig.  47^,  with  this  difference,  that  the  diminution 
will  now  be  irrespective  of  the  direction  in  which  the  sound  is 
travelling.     The  soimd  will  therefore  be  thrown  upwards,  and 
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will  not  be  well  heard.  On  the  other  hand,  if  the  upper  layers 
be  warmer  than  the  under  layers,  as  they  are  under  certain 
abnormal  atmospheric  conditions,  the  sound  will  be  thrown 
down,  and  will  be  heard  extremely  well.  Besides  all  this  it 
may  be  inferred  that  when  the  air  is  homogeneous  sound  is 
much  better  heard,  and  the  experiments  of  Professor  Tyndall 
go  to  show  that  ascending  and  descending  currents  of  air  of 
different  temperatures  serve  to  scatter  the  sound  by  reflecting 
it  from  their  surfaces,  and  are  thus  prejudicial  to  audibility. 
'  154.  The  intensity  of  the  sonnd  of  a  ninsical  striner  is 
strengthened  by  a  sonndins-box. — This  is  a  hollow  box, 
which  along  with  its  air  vibrates  in  unison  with  the  string. 
By  an  arrangement  of  this  kind,  the  sound  that  would  other- 
wise have  passed  away  is  caught  up  by  the"  box,  and  given 
out  by  it  as  if  by  a  second  source,  thereby  increasing  the 
effect. 


Lesson  XIX.— Vibrations  of  Sounding  Bodies. 

166.  Vibration  of  Strinfrs.  —  By  striking  or  pulling  a 
stretched  string  transversal  vibrations  are  produced  in  it 
depending  upon  the  length,  the  tension,  the  density,  and  the 
radius  of  the  string,  and  these  vibrations  give  rise  to  a  musical 
note  (Art.  139). 

If  a  vibratory  chord  (Fig.  48)  have  a  stop  B  inserted  (say 


Fig.  48. 

at  one-third  the  whole  length  of  the  chord  from  one  of  its 
extremities  d),  the  point  B  will  always  remain  at  rest,  and  the 
tendency  will  be  to  cause  the  whole  chord  to  vibrate  in  the 
manner  represented  in  the  figure.  Here  not  only  will  the 
point  B  remain  at  rest,  but  the  point  C,  which  is  a  point  as 
far  from  the  other  extremity  A  as  B  is  from  D,  will  also  be  at 
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rest  ;  the  two  opposite  stages  of  the  vibration  being  repre- 
sented by  the  continuous  and  the  dotted  lines  in  the  figure. 

The  points  B  and  C  are  called  Nodal  Points  or  nodes, 
and  the  part  between  two  nodes  is  called  a  Jboop  or  Ventral 
Segment. 

The  ratio  of  D  B  to  B  A  must  be  represented  by  some  whole 
number,  as  i :  2  or  i  :  3,  otherwise  the  vibrations  will  interfere 
with  one  another. 

The  existence  of  nodal  lines  is  also  rendered  very  evident 
by  vibratory  plates.  These  contain  nodal  lines  varying  in 
number  and  figure  according  to  the  form  and  substance  of  the 
plates,  and  according  also  to  the  method  in  which  the  plates 
are  fixed.  In  order  to  render  visible  the  existence  of  these 
lines  we  may  sprinkle  the  plate  with  sand  before  it  begins  to 
vibrate. 

The  sand,  during  the  vibration,  is  thrown  off  the  ventral 
segments  or  vibrating  parts  of  the  plate,  and  accumulates 
around  the  nodes  or  lines  which  remain  at  rest. 

The  following  are  the  laws  which  connect  the  time  of  the 
vibrations  with  the  other  properties  of  a  string  : — 

(i)     When  the  stretching  weight  is  constant  the  time  of 
vibration  varies  as  the  length  of  the  string. 

(2)  The  time  of  vibration  varies  as  the  radius  of  the 

string, 

(3)  The  time  likewise  varies  inversely  as  the  square  root 

of  the  stretching  weight. 

(4)  The  time  finally  varies  as  the  square  root  of  the 

density  of  the  string. 

These  various  laws  regarding  strings  are  capable  of  being 
proved  in  a  somewhat  simple  manner.  Let  us  first  take  that 
which  tells  us  how  the  time  of  vibration  varies  with  the  length 
of  the  string. 

In  Fig.  49  we  have  before  us  the  equilibrium  which  takes 
place  in  the  case  of  the  single  moveable  pulley  with  inclined 
strings.  Let  us  suppose  that  the  inclination  of  these  strings 
is  very  small,  or  that  A  D  B  is  nearly  a  straight  line.  The 
tension  of  the  string  at  A  or  B  which  we  have  called  T 
will  represent  the  tension  of  a  sounding  chord,  while  P  will 
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represent  the  force  with  which  this  chord  is  solicited  back 
towards  its  position  of  rest  A  E  B. 

Drawing  A  c  parallel  to  B  b  and  B  c  to  A  D,  the  figure  A  c  B  D 
becomes  a  parallelogram  of  forces  in  which  D  A  represents 
the  tension  while  D  C  represents  the  force  P.  If  we  confine 
ourselves  to  small  displacements  it  is  evident  that  the  whole 
length  of  the  string  between  A  and  B  will  not  vary  much. 
But  force  p  :  tension  T  :  :  c  D  :  A  D. 

Now  the  tension  T  is  supposed  to  be  constant,  while  the 
length  A  D  of  the  same  string  is  constant  also.  If  therefore 
c  D  be  doubled  the  force  P  will  be  doubled,  and  in  fine  if  C  D 
increase  in  any  proportion  the  force  P  will  increase  in  the 
same  proportion.  Now  c  D  is  the  double  of  E  D,  and  E  D 
represents  the  distance  to  which  the  string  has  been  plucked 


from  its  position  of  rest.      Here  then  we  have  a  force  which 
is  proportional  to  the  displacement. 

It  will  also  be  seen  that  if  we  double  the  length  of  the 
string  A  D  B  while  the  displacement  E  D  remains  the  same, 
then  the  ratio  of  c  D  or  E  D  to  A  D  will  be  halved,  in  other 
words,  the  ratio  of  the  force  P  to  the  tension  T  will  be  halved. 
Therefore  if  we  double  the  length  of  the  string  while  the 
tension  remains  the  same,  the  force  P,  corresponding  to  a 
definite  displacement,  will  be  halved.  On  the  other  hand,  the 
mass  to  be  moved  (that  of  the  string)  will  be  doubled,  so  that 
for  a  string  of  double  length  the  force  is  halved  while  the 
mass  is  doubled,  in  other  words,  the  ratio  between  the  force 
and  the  mass  is  diminished  four  times,  and  hence  (Art.  132) 

the  time  of  vibration  which   00  .  /  ^^^fLwill  be  doubled. 

A'  force 
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In  the  next  place  it  is  easily  seen  that  the  time  of  vibration 
varies  as  the  radius  of  the  string.  For  the  mass  of  the 
string  is  proportional  to  the  square  of  the  radius,  and  (other 
things  being  the  same)  the  time  of  vibration  oc  ^  mass,  and 
therefore  oc  radius. 

Thirdly,  the  time  of  vibration  varies  inversely  as  the 
square  root  of  the  stretching  weight. 

For  it  will  be  easily  seen  from  Fig.  49  that  if  we  have 
two  similar  strings,  and  if  T,  or  the  tension,  in  the  second  is 
four  times  as  great  as  in  the  first,  then  P,  or  the  force  in  the 
second,  will  be  four  times  as  great  as  the  force  in  the  first, 

and  the  time  of  vibration,  which  oc  ^  /  "^^^^    will  be  only  half 

V  force 

in  the  second  of  what  it  is  in  the  first. 


E 


Fig  49<z. 


Lastly,  the  time  of  vibration  varies  as  the  square  root  of 
the  density  of  the  string.  This  is  evident,  for  we  know  that 
the  time  oc  i^/niass,  and  that  the  mass  varies  as  the  density 
of  the  string,  hence  also  the  time  gf  vibration  varies  as  the 
square  root  of  the  density. 

These  various  laws  are  susceptible  of  an  easy  and  striking 
verification  by  means  of  an  arrangement  devised  by  M. 
Melde  of  Marburg.  The  nature  of  this  will  be  seen  from 
Fig.  49^.  It  consists  of  a  string  passing  over  a  pulley  and 
weighted  at  one  end,  with  its  other  end  attached  to  a  vibrating 
tuning-fork. 
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If  the  attachment  be  such  that  the  fork  vibrates  backwards 
and  forwards  in  the  direction  of  the  string,  then  every  time 
the  prong  moves  towards  the  string  it  gives  the  string  an 
opportunity  of  forming  a  loop  or  ventral  segment.  In  this 
case  the  string  will  have  one  ventral  segment,  or  make  a 
semi-vibration  for  every  complete  vibration  of  the  fork.  If, 
on  the  other  hand,  the  attachment  be  such  that  the  fork 
vibrates  backwards  and  forwards  -at  right  angles  to  the 
direction  of  the  string,  there  will  be  a  complete  vibration  of 
the  string  for  each  complete  vibration  of  the  fork. 

Thus  the  string  will  vibrate  twice  as  rapidly  in  the  latter 
position  as  in  the  former.  If  therefore  we  have  a  string  of 
such  length,  material,  and  tension  that  it  vibrates  in  one  loop 
and  without  a  node  when  attached  in  the  first  of  these  two 
ways  to  the  fork,  it  ought,  in  accordance  with  Law  (i)  of  this 
article,  to  split  itself  into  two  parts  when  attached  to  the 
fork  in  the  last  of  the  two  ways,  in  order  that  it  may  have  the 
opportunity  of  vibrating  twice  as  fast.  Or  if,  as  in  the  figure, 
it  vibrates  in  two  parts  in  the  first  position, it  ought  to  vibrate 
in  four  parts  in  the  second.  This  is  found  to  be  the  case,  so 
that  Law  (i)  is  verified  by  this  arrangement. 

Again,  if  in  any  arrangement  a  string  when  attached  to  a 
tuning-fork  vibrates  in  one  loop  and  without  a  node,  if  we 
diminish  fourfold  the  stretching  weight  w,  we 
shall  find  that  in  order  to  coincide  with  the  tuning- 
fork  it  will  now  vibrate  in  two  parts,  thus  proving 
Laws  (i)  and  (3)  of  the  present  article. 

166.  Wind  Instruments.  —  In  these  instru- 
ments it  is  not  the  substance  of  the  tube,  but  the 
column  of  air  which  it  contains,  that  is  the  cause 
of  the  sound. 

An  organ-pipe  is  a  very  good  illustration  of 
this  kind  of  instrument.  Its  mode  of  action  will 
be  understood  by  reference  to  Fig.  50. 

The  mouthpiece  is  fixed  at  one  end  of  the      ^^^    ^ 
tube  ;  of  this  tube  a  portion  only  is  represented 
in  the  figure  ;  the  other  end  we  shall  suppose  to  be  closed. 

As  a  current  of  air  is  made  to  enter  by  the  mouth,  it 


1^ 
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strikes  against  the  upper  lip,  and  the  effect  of  this  is  to 
cause  the  air  to  issue  from  d  c  in  ai  pulsatory  manner. 

In  an  organ-pipe  of  this  kind,  the  primary  note  is  that  of 
which  the  semi-wave-length  is  twice  the  length  of  the  pipe, 
and  the  air  in  the  pipe  is  agitated  in  such  a  manner  that  the 
stratum  at  the  closed  top  of  the  pipe  is  at  rest,  while  the 
stratum  of  air  at  the  mouthpiece  has  thd  greatest  amplitude 
of  vibration. 

We  may  suppose  that  there  are  a  number  of  different 
small  pulses  produced  by  the  air  striking  against  the  lip  of 
the  pipe,  but  of  these  one  will  be  strengthened  by  the  column 
of  vibrating  air  in  the  pipe,  and  exalted  into  a  musical 
sound. 

To  find  which,  let  us  suppose  that  one  of  these  pulses  is 
just  in  the  act  of  striking  the  air  upwards  into  the  pipe. 
This  blow  will  be  transmitted  by  the  air  to  the  top  of  the 
pipe,  and  will  then  be  reflected  back  to  the  lip.  Now  if 
when  it  reaches  the  lip  the  pulse  be  in  the  act  of  moving 
downwards,  its  motion  will  evidently  be  strengthened  by  the 
blow-4rom  the  air  of  the  pipe.  In  fact,  the  pulse  which  is 
strengthened  is  that  which  performs  half  a  complete  vibration 
in  the  time  that  the  blow  takes  to  ascend  up  to  the  top  of  the 
tube,  and  come  back  again  to  the  lip. 

We  have  said  that  in  such  a  pipe  it  is  the  vibration  of  the 
column  of  air  which  causes  the  sound,  in  proof  of  which, 
if  an  organ  pipe  be  filled  with  any  other  gas,  we  have  quite 
a  different  sound.  The  reason  of  this  is,  that  the  complete 
time  of  vibration  of  the  column  of  gas  is  twice  that  which 
the  undulatory  motion  requires  to  travel  up  to  the  top  of 
the  tube  and  back  again.  Now  this  is  different  for  differ- 
ent gases.  Hence  the  velocity  of  sound  in  different  gases 
may  be  found  by  filling  an  organ-pipe  of  known  length  with 
these  gases,  and  estimating  the  pitch  of  the  sound  which  is 
produced. 

What  we  have  said  refers  to  a  shut  pipe.  In  an  open  pipe 
there  is  a  stratum  of  greatest  amplitude  of  vibration  at  each 
end,  and  the  semi-wave-length  of  the  sound  produced  by  an 
open  pipe  is  equal  to  the  length  of  the  pipe,  so  that  it  is  only 
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half  of  that  produced  by  a  shut  pipe  of  the  same  length. 
We  shall  again  return  to  the  subject  of  organ-pipes  when  we 
have  considered  the  longitudinal  vibrations  of  rods. 

167.  Vibrations  of  Rods. — Let  a  series  of  rods  of  wood 
be  fixed  at  one  end,  and  be  free  to  move  at  the  other  :  then 
we  may  have  two  kinds  of  vibratory  motions  of  such  rods. 

Transrerse  Vibrations  are  produced  by  striking  the  rod 
or  passing  a  bow  over  it. 

Iionsitndinal  Vibrations  are  produced  by  rubbing  it  up 
and  down  with  a  piece  of  cloth  with  particles  of  resin  on  it, 
or  with  the  moistened  finger. 

It  is  found  that  the  number  of  transverse  vibrations 
made  in  a  second  By  a  rod  is  directly  as  its  thickness  and 
inversely  as  the  square  of  its  length.  It  is  also  found  that 
the  number  of  longitudinal  vibrations  of  a  rod  in  one  second 
is  inversely  as  its  lengthy  whatever  be  the  diameter  of  the 
transverse  section, 

A  little  consideration  will  convince  us  of  the  truth  of  these 

laws.     Suppose  that  we  study  the  transverse  vibrations  of 

two  similar  rods,  the  one  twice  as  long  as  the  other.     Let 

each  be  deflected  through  the  same  distance  from  its  position 

of  rest.     Then  by  Art.  68  we  may  conclude  that  the  force 

called  into  action  by  the  displacement  is  eight  times  greater 

in  the  shorter  than  in  the  longer  rod.     On  the  other  hand 

the  mass  to  be  moved  is  double  in  the  case  of  the  longer  rod, 

so  that  altogether  the  ratio  of  the  force  to  the  mass  is  sixteen 

times  less  in  the  longer  than  in  the  shorter  rod.     Therefore 

/mass 
since  by  the  formula  (Art.  1 32)  the  time  of  vibration  oc  ^  ^ , 

this  time  will  be  four  times  greater  in  the  case  of  the  longer 
rod. 

A  precisely  similar  mode  of  reasoning  will  show  us  that 
the  number  of  transverse  vibrations  of  a  rod  made  in  one 
second  will  be  directly  as  its  thickness,  inasmuch  as  for  a 
double  thickness  the  relation  of  the  force  to  the  mass  is 
increased  four  times. 

With  regard  to  longitudinal  vibration,  a  rod  must  be 
regarded  in  the  same  way  as  we  regard  a  column  of  air. 

M 
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A  blow  given  to  a  rod  fixed  at  one  end  and  free  at  the  other, 
say  one  tending  to  compress  its  particles,  is  transmitted 
along  the  rod  to  the  fixed  end,  where  it  is  reflected  back. 
When  however  it  makes  its  reappearance  at  the  free  end  it 
is  as  a  force  tending  to  elongate  this  end,  being  thus  in  the 
opposite  direction  to  the  original  blow.  This  state  of  things 
in  its  turn  runs  along  the  rod  to  the  fixed  end  and  back  again 
to  the  free  end.  When  at  the  free  end  it  is  now  at  last 
similar  to  the  original  blow,  so  that  a  complete  cycle, 
representing  a  complete  wave,  will  only  take  place  in  the 
time  which  the  blow  requires  to  go  twice  backwards  and 
forwards  along  the  rod. 

If  however  the  rod  be  fixed  at  both  ends,  then  the  time  of 


Fig.  50tf. 

a  complete  vibration  will  be  the  time  that  a  blow  takes  to  go 
once,  and  not  twice,  backwards  and  forwards  along  the  rod. 

If  therefore  we  have  two  similar  rods  of  equal  length, 
one  fixed  at  one  end  and  free  at  the  other,  and  the  other 
fixed  at  both  ends,  the  second  will  vibrate  twice  as  rapidly 
as  the  first. 

It  is  easily  seen  from  this  that  in  both  cases  the  time  of 
vibration  will  vary  directljf  as  the  length  of  the  rod,  and  also 
that  the  time  will  be  independent  of  the  cross-section,  because 
if  we  double  the  cross-section  we  double  not  only  the 
mass  moved,  but  also  the  force  of  restitution  (Art.  65),  and 
therefore  the  proportion  between  the  two  which  determines 
the  time  remains  unaltered. 

158.  From  what  has  been  said  it  is  very  easy  to  see  in 
what  way  a  rod  in  longitudinal  vibration  is  capable  of  having 
nodes. 


LESS.  XIX.  MOLAR  ENERGY.  163 

Here  of  course  the  essential  requisite  is  that  in  whatever 
way  the  rod  splits  up  as  to  vibrations  the  various  sections 
shall  all  vibrate  in  the  same  time.  Let  us  therefore  consider 
three  cases,  namely,  (i)  a  rod  fixed  at  both  ends  ;  (2)  a  rod 
fixed  at  one  end  and  free  at  the  other ;  and  (3)  a  rod  free  at 
both  ends. 

In  the  above  diagram,  Fig.  50^,  we  have  an  illustration 
of  the  way  in  which  rods  fixed  at  both  ends  are  capable  of 
breaking  up  into  nodes.  In  the  first  line  we  have  the  rod 
vibrating  as  a  whole  and  without  any  node. 

In  the  second  line  we  have  a  node  in  the  middle,  the  pulses 
alternately  tending  to  press  together  the  particles  near  the 
nodal  point  and  to  pull  them  out. 

In  the  third  line  we"  have  the  whole  rod  divided  into  three 
equal  parts  and  therefore  possessing  two  nodes,  and  in  like 
manner  the  rod  might  be  subdivided  into  4,  5,  6,  &c.,  equal 
parts.  Also  the  time  of  vibration  for  one  node  is  half  that 
for  the  fundamental  vibration,  while  the  time  for  two  nodes 
is  one-third  of  that  for  the  fundamental  vibration,  and  so  on. 

In  diagram  Fig.  50^,  we  have  an  illustration  of  the  way  in 
which  rods  fixed  at  one  end  and  free  at  the  other  are  capable 
of  breaking  up  into  nodes,  a  and  b  represent  the  fundamental 
vibration  of  such  a  rod.  In  c  and  d  we  have  its  vibration 
with  one  node,  which  will  make  its  appearance  at  one-third 
of  the  whole  length  from  the  free  end  of  the  rod.  For  in 
this  case  the  upper  segment  forms  a  rod  fixed  at  one  end 
and  free  at  the  other,  while  the  under  segment  forms  a  rod 
twice  as  long  as  the  upper  one,  but  fixed  at  both  ends,  and 
hence  the  time  of  vibration  will  be  the  same  for  both 
segments. 

In  e  and/ we  have  two  nodes  ;  the  upper  free  segment  is 
one-fifth  of  the  whole  rod,  and  the  other  two  are  double  of 
it  in  size.  Here  also  the  three  segments  will  vibrate  in  the 
same  time. 

Finally,  in  diagram  Fig.  50^,  we  have  an  illustration  of  the 
method  in  which  rods  free  at  both  ends  are  capable  of  break- 
ing up  into  nodes  as  regards  their  longitudinal  vibrations. 
In  figures  a  and  b  we  have  a  representation  of  the  funda- 
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mental  vibration  of  such  a  rod.     Here  we  have  a  node  in  the 
middle — that  is  to  say,  a  rod  free  at  both  ends  vibrates  as 


1  I 


c         a 

Fig.  5o3. 

two  rods  of  half  the  length  fixed  at  one  end  and  free  at  the 
other. 

In  figures  c  and  d  we  have  two  nodes  each  one-fourth  of 
the  whole  length  from  the  end.  Finally,  in  figures^  and/* 
we  have  three  nodes  by  which  the  whole  rod  is  divided  into 
I  +  2  +  2  +  I  =6  parts,  the  rods  free  at  one  end  being 
only  half  the  size  of  the  rods  fixed  at  both  ends,  by  which 
means  the  vibrations  of  all  the  various  sections  take  place 
in  the  same  time. 

It  has  already  been  remarked  that  a  column  of  air  vibrates 
after  the  same  laws  as  those  which  regulate  the  longitudinal 
vibrations  of  rods. 


-h 


FiG.  5<x:. 

Thus  an  organ-pipe  shut  at  one  end  is  similar  to  a  rod 
fixed  at  one  end,  is  in  fact  a  rod  of  air,  and  its  time  of 
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\  ibration  (Art.  1 56)  is  the  time  that  a  pulse  takes  to  travel 
twice  up  and  down  the  organ-pipe,  just  as  the  time  of  vibra- 
tion of  the  rod  is  that  occupied  by  the  pulse  in  travelling 
twice  backwards  and  forwards  along  the  rod. 

In  like  manner  an  organ-pipe  open  at  both  ends  will 
vibrate  like  a  rod  free  at  both  ends,  and  will  therefore  have 
a  node  in  the  middle,  so  that  its  fundamental  note  will  be 
the  same  as  that  of  a  shut  pipe  of  half  the  size. 

In  fine,  the  analogy  between  such  rods  and  organ-pipes 
is  complete.  An  organ-pipe  open  at  one  end  will  therefore 
be  capable  of  breaking  up  into  nodes  precisely  in  the  same 
manner  as  a  rod  fixed  at  one  end  and  free  at  the  other,  while 
an  organ-pipe  open  at  both  ends  will  split  up  into  nodes 
precisely  after  the  manner  of  a  rod  free  at  both  ends. 

159.  T^bratlons  of  Plates. — A  plate  may  be  made  to 
vibrate  by  drawing  a  bow  across  its  edge. 

The  following  law  governs  the  vibrations  of  such  bodies  ; 
In  plates  alike  in  other  respects^  the  number  of  vibrations 
per  second  varies  directly  as  the  thickness  of  the  plate,  and 
inversely  as  its  area. 

Gongs,  cymbals,  and  bells  are  instruments  in  which  the 
sound  is  produced  by  vibrating  plates  or  masses,  while  in 
a  drum  the  sound  is  produced  by  a  vibratory  membrane. 

leo.  CommTinicatlon  of  Vibrations. — If  a  musical  note 
is  traversing  the  air  in  the  presence  of  an  instrument  capable 
of  sounding  the  same  note,  this  instrument  seems  to  take  up 
the  note  and  give  it  out  of  its  own  accord.  This  may  be 
frequently  observed  in  the  case  of  a  piano,  which  rings  to 
a  sound ;  or,  again,  the  string  of  a  violin  may  be  made  to 
vibrate  by  sounding  a  tuning-fork  which  gives  out  the  same 
note. 

Now  since  an  undulation  of  sound  is  a  kind  of  energy, 
and  since  energy  cannot  be  created,  it  follows  that  this  un- 
dulatory  energy  must  be  absorbed  by  the  string  in  order  that 
it  may  be  given  out  again  by  the  string  on  its  own  account. 
In  fact,  when  a  string  takes  up  a  note  in  this  manner,  there 
is  a  communication  of  the  energy  of  the  sound-wave  from 
the  air  to  the  string ;  but  when  we  strike  the  same  string, 
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there  is  a  communication  of  the  energy  of  the  sound-wave 
from  the  string  to  the  air.  We  thus  see  that  a  string  when  at 
rest  absorbs  that  particular  kind  of  undulation  which  it  gives 
out  when  struck.  It  will  be  afterwards  seen  that  there  is  a 
similar  law  in  the  case  of  radiant  light  and  heat. 

161.  Determination  of  Number  of  Vibrations.— One  of 
the  simplest  machines  for  measuring  the  number  of  vibra- 
tions corresponding  to  a  given  sound  is  that  of  Savart.  In 
this  machine  a  toothed  wheel,  B,  is  made  to  revolve  very  fast, 
and  there  is  a  card,  E,  at  one  end,  which  is  so  fixed  as  to  be 


Fig.  51. 

Struck  by  each  of  the  teeth  of  the  wheel  B  as  it  revolves 
with  great  velocity.  Thus,  if  the  wheel  B  revolves  three 
times  in  a  second,  and  has  100  teeth,  the  card  will  be  struck 
300  times  in  a  second,  and  will  therefore  emit  a  musical 
note. 

At  the  side  of  the  wheel  there  is  an  indicator  which  shows 
how  many  revolutions  have  been  made  by  the  wheel,  from 
which  we  can  calculate  the  number  of  vibrations  in  a  given 
time.  What  we  have  to  do,  therefore,  is  to  increase  the 
velocity  of  revolution  until  we  get  the  required  sound.  We 
should  then  keep  the  speed  of  the  apparatus  constant  for  a 
given  time,  say    30  seconds,  and  meanwhile  note  on  the 
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indicator  how  many  revolutions  have  been  made  ;  we  shall 
thus  obtain  the  number  of  vibrations  in  one  second  cor- 
responding to  the  sound. 

The  instrument  now  described  affords  us  an  easy  method 
of  determining  the  velocity  of  sound  in  air,  which  can  be 
practised  in  an  ordinary-sized  room. 

First  of  all  let  us  take  a  tuning-fork  and  find  the  number 
of  vibrations  which  it  makes  in  one  second  by  means  of 
Savart's  machine,  or  any  similar  instrument ;  next  let  us  take 
a  long  cylindrical  vessel  and  fill  it  with  water  to  such  a  height 
that  when  the  tuning-fork  is  held  over  its  mouth  the  column 
of  air  between  the  water  and  the  fork  vibrates  in  unison  with 
the  fork.  A  little  practice  will  enable  us  to  decide  the  height 
very  exactly,  because  it  is  accompanied  by  an  unmistakable 
exaltation  of  sound — we  have  in  fact  made  an  organ-pipe. 

Now  we  know  that  in  this  case  the  blow  given  by  the  fork 
to  the  air  will  have  travelled  twice  down  to  the  water  and  back 
again  during  the  time  of  a  complete  vibration  of  the  fork 
(Art.  156).  If  therefore  we  measure  the  length  of  the  column 
and  multiply  it  by  four  we  find  the  length  which  the  blow  has 
travelled  in  air  during  one  vibration  of  the  fork,  and  hence 
if  we  have  previously  ascertained  how  many  such  blows  are 
delivered  in  one  second  we  can  find  the  velocity  of  sound. 

161a.  The  Syren. — Another  instrument  for  this  purpose 
is  the  Syren,  invented  by  Cagniard  de  La  Tour,  which  is 
exhibited  in  Figs.  51 A  and  51B. 

It  consists  of  a  hollow  cylindrical  box  which  may  be 
attached  by  means  of  a  tube,  /,  to  a  bellows  ;  this  box  has  a 
fixed  cover,  r,  in  which  there  are  a  number  of  holes.  Upon 
this  fixed  cover  there  is  placed  a  moveable  disc  or  cover,  //, 
also  fitted  with  holes,  which  may  be  made  to  correspond 
with  those  of  the  fixed  cover.  The  moveable  disc  is  capable 
of  rotating  on  the  fixed  cover  with  very  little  friction.  It  has 
a  steel  axis  attached  to  it  which  is  connected  by  means  of 
suitable  machinery  with  a  dial  plate.  This  dial  plate  records 
primarily  the  number  of  rotations  of  the  moveable  disc  over 
the  fixed  one. 

Now  when  the  moveable  disc  is  in  such  a  position  that  its 
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holes  are  immediately  over  those  of  the  fixed  cover,  the  air 
from  the  bellows  will  escape  in  puffs,  but  when  the  two  series 
of  holes  do  not  coincide  the  air  will  not  escape.  If  the 
moveable  disc  rotate  very  fast  we  shall  have  a  series  of  puffs 
of  air  at  frequent  intervals,  and  the  holes  are  so  arranged 
that  these  shall  be  regular  intervals.  The  consequence 
will  be  that  the  puffs  will  form  themselves  into  a  musical 


note,  the  pitch  of  which  will  be  high  when  the  rotation  is 
fast. 

The  peculiarity  of  the  syren  is  that  the  air  of  the  bellows 
is  made  to  keep  up  the  rotation.  In  order  to  do  this  the 
openings  on  the  fixed  cover  are  not  perpendicular,  but 
obhque,  and  the  openings  of  the  disc  or  moveable  cover  are 
also  oblique  but  sloping  in  an  opposite  way  from  those  of  the 
fixed  cover.     The  consequence  is  that  when  a  hole  of  the 
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one  is  above  that  of  the  other  the  two  do  not  form  a  straight 
hole,  but  rather  two  holes  meeting  at  an  angle.  The  air 
thus  rushes  out  obliquely  from  the  moveable  cover,  and  the 
consequence  is  a  motion  of  the  cover  itself  in  an  opposite 
direction  by  virtue  of  the  third  law  of  motion.  The  upper  disc 
will  thus  be  made  to  move  over  the  fixed  cover  with  a 
velocity  depending  upon  that  of  the  current  of  air  which 
is  forced  through  the  holes.  Thus,  by  attaching  the  tube  / 
to  a  bellows,  and  by  varying  (as  we  can)  the  force  of  the 
bellows,  we  may  drive  the  upper  disc  with  any  required 
velocity  and  produce  any  note  we  wish. 

The  pitch  of  the  note  will  depend  upon  the  number  of 
puffs  of  air  given  out  in  one  second,  and  this  will  be  recorded 
by  the  dial,  the  indications  of  which  can  easily  be  obtained 
by  the  aid  of  a  stop-watch. 

161b.  Velocity  of  Sonnd  in  Air.  Soimdinsr-flames- — Let 
us  suppose  that  we  are  required  to  find  the  velocity  of  sound 
in  air  by  means  of  experiments  in  a  room  of  ordinary  size. 
To  do  this  let  us  procure  a  tuning-fork  and  a  syren  such  as 
the  one  we  have  now  described.  The  first  operation  will  be 
to  drive  the  syren  at  such  a  rate  that  the  note  which  it  gives 
out  is  exactly  that  of  the  tuning-fork,  and  then  to  find  by 
means  of  the  dial  and  stop-watch  how  many  puffs  or  vibra- 
tions in  one  second  correspond  to  the  note. 

In  order  to  do  this  conveniently  it  will  be  well  to  procure 
a  ■onndincr-flame  which  gives  out  the  note  of  the  tuning-fork. 
For  this  purpose  the  gas  is  made  to  escape  from  the  orifice 
of  a  fine  glass  tube  so  that  when  lighted  it  forms  a  small 
flame.  This  little  gas  jet  is  next  inserted  into  a  cylindrical 
tube  the  length  of  which  may  be  varied  at  pleasure.  When 
burning  in  the  cylindrical  tube  the  gas  does  so  intermittently, 
and  by  means  of  a  series  of  small  explosions  at  regular 
intervals  which  thus  produce  a  musical  note.  The  pitch  of 
this  note  depends  upon  the  length  of  tube  within  which  the 
jet  burns  ;  the  note  will  in  fact  be  the  very  note  which  such 
a  tube  gives  out  when  acting  as  an  open  organ-pipe.  Adjust, 
therefore,  the  cylindrical  tube  until  the  note  given  out  by 
the  sounding-flame  is  that  of  the  tuning-fork.     We  have  thus 
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procured  what  is  equivalent  to  a  tuning-fork  that  does  not 
cease  sounding  but  goes  on  continuously. 

161c.  Beats.  —  The  next  stage  of  the  operation  is  to 
adjust  the  bellows  so  that  the  syren  gives  out  the  same 
note  as  the  sounding-flame  and  hence  also  as  the  tuning- 
fork,  and  then  to  ascertain  by  means  of  the  registering  dial 
how  many  puffs  of  air  in  one  second  this  corresponds  to. 
If  the  observer  has  not  a  good  musical  ear  this  may  be  done 
by  the  method  of  beats.  To  explain  this  method  let  us 
suppose  that  two  musical  notes  are  continuously  given  out 
by  two  instruments,  one  representing  512  and  the  other  513 
vibrations  per  second,  and  that  both  notes  reach  the  ear  at 
the  same  phase  to  begin  with,  that  is  to  say  a  condensation 
of  the  one  corresponds  to  a  condensation  of  the  other,  and  a 
rarefaction  of  the  one  to  a  rarefaction  of  the  other.  The 
united  note  will  therefore  be  .much  strengthened.  At  the  end 
of  the  first  second  they  will  likewise  be  at  the  same  phase, 
and  will  strengthen  each  other ;  but  inasmuch  as  the  one  has 
gained  one  vibration  over  the  other  it  follows  that  half  a 
second  after  the  commencement  the  two  will  be  in  opposite 
phases,  a  rarefaction  of  the  one  corresponding  to  a  con- 
densation of  the  other,  and  the  united  note  will  therefore  be 
weak.  So  that  there  will  be  something  like  a  swell  and  a 
lull,  a  swell  and  a  lull,  the  period  of  this  alternation  being 
one  second. 

We  have  in  fact,  adopting  technical  language,  one  beat 
each  second. 

Suppose  next  that  the  one  note  gives  out  512  vibrations 
in  one  second  or  1,024  ^^  two  seconds,  and  the  other 
1,025  in  two  seconds.  There  will  now  be  a  beat,  but  its 
recurrence  will  be  once  every  two  seconds,  and  so  on.  Here 
the  law  is  sufficiently  obvious.  What  we  have  to  do  there- 
fore is  to  adjust  the  cylindrical  tube  of  the  sounding-flame 
until  we  get  fast  beats  with  the  tuning-fork,  and  then  go  on 
adjusting  the  former  until  the  beats  get  slower  and  slower 
and  finally  die  away.  We  may  now  be  sure  that  the  sound- 
ing-flame vibrates  in  unison  with  the  tuning-fork.  Having 
got  a  properly  adjusted  continuous  sounding-flame  }ve  next 
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in  like  manner  manipulate  the  syren  until  it  gives  us  the 
same  note  as  the  sounding-flame,  and  therefore  as  the 
tuning-fork,  reading  meanwhile  upon  the  dial  by  aid  of  a  stop- 
watch, or  otherwise,  the  number  of  puffs  in  one  second  which 
corresponds  to  the  note. 

161d.  "WaTe-lensth  of  Tnainsr-Fork. — We  have  now  de- 
termined the  number  of  vibrations  given  out  by  the  tuning- 
fork  in  one  second.  Let  us  next  procure  a  long  cylindrical 
tube  or  vessel,  which  we  may  fill  up  to  any  required  height 
with  water,  and  let  us  bring  the  vibrating  tuning-fork  above 
the  mouth  of  this  vessel.  Let  us  next  pour  in  water  until 
the  tuning-fork  when  held  above  the  mouth  resounds  very 
strongly.  We  may  now  be  sure  that  the  time  of  complete 
vibration  of  the  tuning-fork  is  that  which  the  pulse  takes  to 
move  twice  down  the  tube  (to  the  water)  and  twice  up  (four 
lengths  in  all),  for  in  this  case  the  fork  and  the  air-tube  are 
in  unison,  and  hence  by  measuring  the  distance  between  the 
mouth  of  the  tube  and  the  water  and  multiplying  this  by  four 
we  may  find  the  wave-length  for  the  note  of  the  fork  in  air. 

Knowing  its  time  of  vibration  and  its  wave-length,  we  at 
once  determine  the  velocity  of  sound  in  air. 

Then  let  the  fork  make  512  complete  vibrations  in  one 
second,  and  suppose  that  it  vibrates  in  unison  with  an  air- 
column  of  6*1  inches.  Then  the  wave-length  will  be  24*4 
inches,  and  hence  the  velocity  of  sound  in  air  will  be 

512  X  24*4  inches  =  1,041  feet  per  second. 

By  a  similar  means  we  may  determine  the  velocity  of 
sound  in  any  other  gas,  for  we  have  only  to  fill  the  tube  with 
this  gas  instead  of  air  and  make  the  observation. 

In  like  manner  we  may  determine  the  time  of  complete 
longitudinal  vibration  of  a  rod  of  any  metal  fixed  at  one  end 
and  free  at  the  other,  and  knowing  that  the  wave-length  of 
its  note  is  four  times  the  length  of  the  rod  we  may  deter- 
mine the  velocity  of  sound  in  the  substance  of  the  rod. 

162.  Graphical  representation  of  Vibrations. — One  of 
the  best  methods  of  making  vibrations  apparent  is  that  of 
M.  Lissajous,  which  is  represented  in  Fig.  52.    The  essentials 
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of  the  arrangement  are,  in  the  first  place,  a  tuning-fork  \^ith 
a  small  mirror  attached  to  one  arm,  and  a  small  counterpoise, 
in  order  to  balance  the  mirror,  to  the  other. 

A  ray  of  light  from  a  hole  in  a  darkened  chimney  of  a  lamp 
is  made  to  fall  upon  this  mirror,  and  is  reflected  from  it  to- 
wards another  mirror,  mj  it  then  falls  upon  a  lens,  /,  which  is 
so  arranged  as  to  throw  upon  a  screen  a  small  luminous  point, 
being  the  image  of  the  hole  in  the  dark  chimney  of  the  lamp 
from  which  the  light  originally  proceeds.  Thus,  if  the  tuning- 
fork  be  at  rest,  we  shall  simply  have  a  luminous  point  on  the 
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screen  ;  but  if  it  has  been  put  into  vibration,  the  mirror  will 
of  course  move  along  with  it,  and  the  result  will  be  that  the 
luminous  dot  of  light  will  oscillate  on  the  screen  up  and  down 
with  each  vibration  of  the  mirror.  But  these  oscillations  will 
be  so  rapid  that  the  eye  will  merely  perceive  on  the  screen  a 
luminous  line  of  light,  on  the  same  principle  that  when  a 
burning  brand  is  twirled  rapidly  round  we  see  a  continuous 
circle  of  light.  Now  if,  while  the  tuning-fork  is  in  a  state  of 
vibration,  we  make  it  rotate,  a  curved  or  sinuous  bright  line 
will  appear  on  the  screen  instead  of  the  straight  line  we  have 
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mentioned,  the  amount  of  sinuosity  depending  on  the  relation 
between  the  rapidity  with  which  the  tuning-fork  vibrates,  and 
that  with  which  it  is  made  to  rotate.  We  are  thus  furnished 
with  a  visible  representation  of  the  vibrations  of  the  tuning- 
fork. 


CHAPTER  V. 

HEAT, 

Lesson  XX.— Temperature. 

163.  It  is  proposed  in  the  present  chapter  to  discuss  that 
form  of  molecular  energy  which  we  term  heat.  As,  however, 
this  word  is  used  to  denote  two  kinds  of  energy— one  of  which 
is  capable  of  residing  in  a  body,  while  the  other  kind  traverses 
space  with  an  enormous  velocity — we  shall  at  present  confine 
our  attention  to  the  first  of  these,  leaving  the  last,  or  radiant 
energy,  to  form  the  subject  of  another  chapter.  It  will  be 
convenient  to  consider,  in  the  first  place,  the  various  effects 
of  heat  upon  matter  ;  secondly,  the  laws  regulating  the  dis- 
tribution of  heat  through  space ;  and  thirdly,  the  relation 
between  heat  and  other  kinds  of  energy. 

164..  Temperature. — In  the  first  place,  let  us  consider 
temperature.  This  word  is  used  to  denote  the  state  of  a 
body  with  respect  to  sensible  heat.  To  illustrate  the  meaning 
of  the  word,  let  us  suppose  that  of  two  substances,  such  as  a 
quantity  of  water  and  of  mercury,  each  contains  heat  to  such 
an  extent  that  when  they  are  brought  intimately  together 
there  is  no  transference  of  heat  from  the  one  to  the  other,  but 
each  keeps  what  it  has  ;  then  these  two  substances  are  said 
to  be  of  the  same  temperature.  But  if,  when  the  water  and 
the  mercury  are  shaken  together,  the  water  parts  with  some 
of  its  heat  to  the  mercury,  then  the  water  is  said  to  be  of  a 
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higher  temperature  than  the  mercury  ;  while,  on  the  other 
hand,  if  it  receives  heat  from  the  mercury,  it  is  said  to  be  of 
a  lower  temperature  than  the  mercury.  We  may  look  upon 
temperature  as  heat-level^  and  imagine  that,  just  as  water 
flows  from  a  high  level  to  a  low  one,  so  heat  flows  from  a 
body  of  high  to  one  of  low  temperature. 

165.  Bodies  in  general  expand  through  Heatl — Let  us 
take  a  brass  ball  and  a  ring,  such  that  at  the  ordinary  tem- 
perature the  ball  will  only  just  pass  through  the  ring.  Now 
if  we  heat  the  ball  intensely  by  a  flame,  owing  to  the  ex- 
pansion occasioned  by  heat  we  shall  no  longer  be  able  to 
force  it  through  the  ring.  Next  let  us  take  a  bladder  that  is 
nearly  but  not  quite  filled  with  air,  and  place  it  beside  the 
fire ;  the  air  within  the  bladder  will  soon  expand  through 
the  heat,  so  that  the  bladder  will  appear  to  be  quite  full 
of  air. 

There  are  however  exceptions  to  the  law  of  expansion. 
Thus  water  between  the  temperatures  of  o°  C.  and  4*  C. 
contracts  instead  of  expanding  through  an  increase  of  heat, 
while  after  4°  C.  it  begins  to  expand  in  the  usual  way,  at 
first  very  slowly,  but,  as  the  temperature  rises,  with  increasing 
rapidity. 

166.  Measurement  of  Temperature  by  Thermometers. — 
As  we  can  only  perceive  heat  through  its  effects  upon  bodies, 
we  must  make  use  of  some  one  of  these  as  a  means  of 
measuring  it.  The  expansion  caused  by  heat  is  probably 
the  effect  most  convenient  for  this  purpose  ;  and  if  the  same 
body  always  expanded  to  the  same  extent  for  equal  incre- 
ments of  temperature,  there  would  be  no  difficulty  in 
measuring  temperature  exactly  by  these  means ;  but  this  is 
far  from  being  the  case.  Thus  a  gramme  of  water  will 
occupy  the  same  volume  at  0°  C.  and  at  8**  C,  so  that  in  this 
case  we  cannot  correctly  estimate  the  temperature  by  means 
of  the  volume.  In  fact  water  near  its  freezing-point  (0°  C.) 
is  undergoing  very  rapid  molecular  changes,  and  in  gene- 
ral liquids  near  their  freezing-points,  or  solids  near  their 
melting-points,  are  not  well  fitted  to  be  used  as  the  means  of 
measuring  temperature  by  their  change  of  volume.     On  the 
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other  hand,  a  gas  such  as  atmospheric  air,  which  is  with  great 
difficulty  condensed  into  a  liquid  by  the  most  extreme  cold,  is 
admirably  adapted  for  the  purpose  of  measuring  temperature 
as  far  as  accuracy  is  concerned.  Nevertheless,  an  air  ther- 
mometer is  a  most  inconvenient  instrument  for  ordinary  use. 
A  mercurial  thermometer  is  best  adapted  for  general  pur- 
poses, being  very  convenient  and  tolerably  accurate,  although 
when  extreme  accuracy  is  desired  it  ought  to  be  corrected  by- 
means  of  an  air  thermometer. 

167.  MercvrUl  Thermometer.— This  instrument  is  con- 
structed on  the  principle  that  mercury  expands  more  than 
glass.     In  order  to  make  a  mercurial  thermometer,  let  us 
take  a  glass  tube,  having  a  narrow  capillary  bore  with  a  bulb 
blown  at  one  end  of  it,  the  other  end  being  in  the  mean- 
time open  so  that  the  bulb  is  filled  with  air.     Let  the  bulb 
next  be  heated  over  a  lamp,  in  consequence  of  which  the  air 
in  the  bulb  will  expand,  and  part  will  be  driven  out  at  the 
mouth  of  the  tube.     Next,  before  the  bulb  begins  to  cool,  let 
the  mouth  of  the  tube  be  plunged  beneath  the  surface  of  a 
vessel  filled  with  pure  mercury.     During  the  process  of  cool- 
ing, the  air  left  in  the  bulb  will  contract,  and  the  pressure  of 
the  atmosphere  will  cause  the  mercury  to  rise  in  the  tube 
until  part  of  it  gets  into  the  bulb.     Having  by  this  means  got 
some  mercury  into  the  bulb,  the  next  operation  is  to  boil  the 
mercury  in  the  bulb  until  not  only  the  bulb  but  also  the 
capillary  tube  is  filled  with  the  vapour  of  mercury.     When 
this  has  been  accomplished,  let  the  end  of  the  tube  be  once 
more  plunged  into  the  basin  of  mercury.    As  there  is  now 
no  air  in  the  tube  or  in  the  bulb,  but  only  vapour  of  mercury, 
when  this  cools  there  will  be  a  vacuum,  and  the  mercury 
into  which  the  instrument  is  plunged  will  be  driven  up  by 
the  atmospheric  pressure  until  it  fills  the  bulb.    When  the 
bulb  and  tube  have  by  this  process  been  filled  with  mercury, 
the  tube  is  then  hermetically  sealed ;  and  when  the  instru- 
ment has  cooled,  it  will  be  found  that  the  mercury  will 
fill  the  bulb  and  part  of  the  tube,  the  other  part  being  left 

empty. 

If  we  heat  an  instrument  of  this  kind,  the  glass  of  the 
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bulb  will  expand  through  heat,  and  likewise  the  mercury ; 
but  the  mercury  will  expand  more  than  the  glass,  and  the 
consequence  will  be  that  the  mercurial  column  will  rise  in 
the  stem.  In  like  manner,  if  the  instrument  be  cooled,  the 
mercury  will  contract  more  than  the  glass,  and  the  column 
of  mercury  will  fall.  If  the  capillary  bore  be  fine  enough,  a 
large  rise  of  the  column  of  mercury  may  be  caused  by  a  com- 
paratively small  elevation  of  temperature,  and  a  thermometer 
may  thus  be  made  to  indicate  differences  of  temperature  with 
very  great  delicacy. 

168.  Determination  of  Fixed  Points. — Having  thus  con- 
structed our  instrument,  the  next  operation  is  to  mark  off  on 
the  stem  the  heights  of  the  mercurial  column  corresponding 
to  the  freezing  and  the  boiling-points  of  water.  To  ascertain 
the  freezing-point,  the  instrument  is  plunged  into  some  melt- 
ing ice,  where  it  is  allowed  to  remain  for  about  a  quarter  of 
an  hour.  A  mark  is  then  scratched  on  the  stem  at  the  ter- 
mination of  the  mercurial  column.  This  point  denotes  aero 
of  the  centigrade  scale. 

The  next  thing  is  to  determine  the  boiling-point  of  water, 
and  here  it  must  be  borne  in  mind  that  this  point  is  not 
constant  like  the  freezing-point,  but  varies  with  the  pressure 
of  the  atmosphere  ;  indeed  it  is  well  known  that  water  will 
boil  at  a  much  lower  temperature  in  an  exhausted  receiver 
than  in  the  open  air. 

Let  us  suppose,  for  the  sake  of  simplicity,  that  this  pres- 
sure at  the  moment  when  the  experiment  is  made  is  exactly 
equal  to  that  of  a  column  of  mercury  760  millimetres  in 
length,  and  having  the  temperature  of  the  freezing-point 
of  water  ;  in  other  words,  let  the  barometric  height  be  760 
millimetres.  Let  us  now  immerse  the  thermometer  in  steam 
arising  from  pure  water  boiling  under  this  pressure,  and 
mark  off  as  before  the  termination  of  the  mercurial  column. 
The  point  so  marked  will  denote  100°  on  the  centigrade 
scale. 

In  marking  off  this  point  it  is  necessary  that  not  only  the 
bulb  but  also  the  stem  of  the  thermometer  up  to  the  very 
point  marked  should  be  exposed  to  the  steam,  and  in  order 
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to  do  this  properly  we  make  use  of  an  instrument  which  is 
represented  both  externally  and  internally  in  Fig.  53.  The 
thermometer  tube  is  inserted  into  a  thick  piece  of  india- 
rubber,  which  is  made  to  cover  tightly  the  top  of  the  instru- 
ment, and  the  stem  is  lowered  until  the  mercurial  column 
just  appears  above  this  cover  when  the  water  is  boiling  ;  all 
the  stem  is  thus  exposed  to  the  action  of  the  steam.  The 
bulb  of  the  thermometer  is  not  plunged  into  the  water,  but 


Fig.  S3 

remains  suspended  above  it  ;  and  the  steam  is  conveyed 
first  up  through  an  interior  chamber,  and  then  down  again, 
until  it  finally  leaves  the  exterior  vessel  through  the  aperture 
c.  The  whole  of  the  thermometer  is  thus  well  surrounded 
by  the  steam,  and  by  a  cylinder  which  has  the  temperature 
of  the  steam. 

169.  Graduation. — Having  thus  ascertained  and  marked 
off  the  two  fixed  points,  the  next  thing  is  to  graduate  the 


LESS.  XX.  HEAT.  179 

instrument.  If  the  bore  of  the  capillary  tube  be  of  equal 
size  throughout,  the  divisions  denoting  degrees  will  all  be  of 
equal  length  ;  and  if  the  centigrade  scale  be  adopted,  there 
will  be  just  one  hundred  of  these  spaces  between  the  freezing- 
point  and  the  boiling-point  marks.  The  glass  stem  of  the 
instrument  should  therefore  be  etched  accordingly,  the 
freezing-point  of  water  being  zero^  or  0°,  and  the  boiling- 
point  100°.  In  general  the  graduations  are  extended  from 
somewhat  below  the  freezing-point  to  somewhat  above  the 
boiling-point,  those  below  the  freezing-point  being  reckoned 
negative,  as,  for  instance,  -  1°,  -  2°,  and  so  on. 

We  have  here  adopted  the  centigrade  scale,  which  is  that 
now  chiefly  used  by  men  of  science  ;  but  besides  this  there 
is  the  scale  of  Fahrenheit,  which  is  very  much  used  in  this 
country,  and  finally  there  is  that  of  Reaumur,  which  is 
extensively  used  throughout  Germany. 

In  the  Falurenheit  scale,  the  freezing-point  of  water  is 
termed  32°  and  the  boiling-point  212°.  A  centigrade  degree 
is  therefore  greater  than  a  Fahrenheit  degree  in  the  pro- 
portion of  nine  to  five.  In  a  Fahrenheit  thermometer  a 
temperature  32°  below  the  freezing-point  is  termed  zero, 
while  one  ten  degrees  lower  is  called  —  10°,  and  so  on. 
To  reduce  centigrade  to  Fahrenheit  the  following  formula 

is  used  :  F  =  <^  -f   32,  while  to    reduce   Fahrenheit    to 

centigrade  we  have   C   =    (F  -   32)5-     The  use  of  these 

formulae  will  be  seen  from  the  following  examples. 

Example  I. — Find  the  degree  of  Fahrenheit  which  corre- 
sponds to  45°  Cent.   Answer,— l^^rt  ?—  =  ^iiii  =  81,  and 

hence  F  =  81  +  32  r=  113°. 

Example  U,—F'\xiA  the  degree  centigrade  which  corre- 
sponds to  86°  Fahr.  y^«jw^r.— Subtracting  32°  from  86°,  we 
find  that  the  temperature  is  54°  Fahr.  above  the  freezing- 
point.     Hence  C  =  54  X  ^  =  30- 

Example  III. — What  degree  Fahr.  corresponds  to  -40°  C  ? 

N    2 
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Answer. — The  temperature  is  40  X  ?  =  72°  F.  below  the 

freezing-point,  or  40°  F.  below  the  zero  of  Fahrenheit. 
Hence  -  40°  C.  =  -  40°  F. 

In  the  scale  of  Reatunnr,  the  freezing-point  is  reckoned 
zeroy  and  the  distance  between  it  and  the  boiling-point  is 
divided  into  80  parts. 

To  reduce  centigrade  to  Reaumur,  we  have  therefore  the 

following  expression :  R  =  —  ;  while  to  reduce  Reaumur  to 

centigrade  we  have  C  =   ^ — • 
4 

170.  Corrections  to  a  Mercurial  Thermometer.  —  Even 
when  a  mercurial  thermometer  has  been  constructed  in  the 
best  manner  possible,  being  correctly  pointed  off,  and  having 
the  volume  of  the  bore  between  the  two  points  accurately 
divided  into  equal  parts,  there  are  nevertheless  certain 
corrections  which  must  be  applied  in  order  to  get  the  true 
temperature. 

The  first  of  these  is  for  the  change  of  zero.  Let  us  suppose 
that  immediately  after  graduation  o''  C.  exactly  denotes  the 
temperature  of  melting  ice,  and  that  in  the  course  of  half  a 
year  we  plunge  the  instrument  once  more  into  melting  ice  ; 
its  temperature  will  not  now  be  denoted  by  0°  but  perhaps 
by  +  o°'3.  This  is  expressed  by  saying  that  zero  has  risen 
three-tenths  of  a  degree,  and  all  thermometers  are  subject  to 
a  rise  of  this  kind,  more  especially  if  they  have  been  recently 
made.  The  cause  is  probably  to  be  sought  for  in  the  sudden 
cooling  of  the  bulb  when  it  is  blown  and  filled.  The  glass  is, 
in  fact,  comparatively  unannealed,  and  its  particles  are  in  a 
state  of  constraint,  the.  tendency  of  the  bulb  being  gradually 
to  contract  in  size,  but  with  greater  rapidity  at  first.  On 
account  of  this  the  mercury  is  pushed  up  the  tube,  and 
in  consequence  the  reading  of  the  instrument  corresponding 
to  a  fixed  temperature,  will  get  higher  and  higher.  To 
correct  for  this  source  of  error,  the  thermometer  ought 
to  be  plunged  occasionally  into  melting  ice,  and  its 
reading  noted.      The  amount  of  alteration  thus    becomes 
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known  ;  for  instance,  if  we  find  that  the  zero  has  risen  two- 
tenths  of  a  degree,  this  amount  has  simply  to  be  deducted 
from  the  readings  at  all  temperatures  in  order  to  obtain  a 
correct  result. 

Besides  this  permanent  change  there  is  also  a  temporary 
change  produced  by  suddenly  heating  and  cooling  the  instru- 
ment. Thus,  if  a  thermometer  be  plunged  into  boiling  water 
and  then  suddenly  withdrawn,  its  zero  will  be  found  to  have 
fallen,  and  its  reading  in  melting  ice  may  now  be  —  o*^*i.  In 
the  course  of  three  weeks  or  so  the  instrument  will  probably 
have  overcome  this  temporary  change  of  zero,  and  the  freezing- 
point  will  again  have  risen  to  what  it  was  before. 

On  account  of  this  effect  produced  by  heating  the  instru- 
ment, the  freezing-point  of  a  thermometer  should  always  be 
first  marked  off,  and  the  boiling-point  afterwards  ;  for  if  the 
freezing-point  be  determined  immediately  after  the  instru- 
ment has  been  in  boiling  water,  the  determination  will  be 
unquestionably  erroneous. 

In  the  next  place,  there  is  a  correction  on  account  of  the 
position  in  which  the  instrument  is  held.  If  the  fixed  points 
have  been  determined  in  a  vertical  position  of  the  instru- 
ment, then  it  must  always  be  used  in  a  vertical  position  ;  if 
these  have  been  determined  in  a  horizontal  position,  then  the 
instrument  must  be  read  horizontally. 

The  reason  of  this  is,  that  at  the  same  temperature  a 
thermometer,  especially  if  the  column  of  mercury  be  long, 
will  give  a  lower  reading  in  a  vertical  than  in  a  horizontal 
position,  since  the  hydrostatic  pressure  of  the  column  of 
mercury  will  not  only  tend  to  compress  the  mercury,  but  also 
to  enlarge  the  bulb.  In  like  manner  a  thermometer  will  read 
lower  in  an  exhausted  receiver  than  in  the  open  air,  for  the 
effect  of  the  air  pressure  upon  the  bulb  has  a  tendency  to 
squeeze  it  together,  and  to  force  the  mercury  up  the  stem,  so 
that  when  this  is  withdrawn  the  column  will  fall. 

Finally,  if  the  bulb  of  a  thermometer  be  plunged  into  a 
medium  of  high  temperature,  such  as  boiling  water,  while  the 
stem  remains  exposed  to  the  air,  which  is  of  a  much  lower 
temperature,  the  reading  of  the  instrument  will  not  denote 
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the  true  temperature  of  the  water.  It  would  have  done  so 
had  the  whole  of  the  stem,  as  well  as  the  bulb,  been  exposed 
to  the  water,  but  this  is  not  the  case.  If  the  stem  from  o* 
to  1 00°  be  exposed  to  air  at  the  temperature  of  the  freezing- 
point,  while  the  remainder  is  immersed,  along  with  the  bulb, 
in  boiling  water,  the  temperature  denoted  will  only  be  98°*4 
instead  of  100°.  The  exact  reading,  will,  however,  depend 
to  some  extent  upon  the  nature  of  the  glass  of  which  the 
instrument  is  made. 

When  these  corrections  have  been  applied,  a  mercurial 

thermometer,  well  graduated,  may  be  considered  to  be   a 

tolerably  good,  though  not  a  strictly  accurate,  instrument, 

171.  Other   Thermometers. — A    thermometer   filled  with 

alcohol  instead  of  mercury  is  sometimes 

^^  used  for  very  low  temperatures,  since 

mercury  freezes  much  sooner  than  al- 

dt^  cohol.  Such  a  thermometer  is  also  often 

used    for    a    self-registering  minimum 

thermometer,  in  order  to  give  the  lowest 

temperature  which  has    been  reached. 

For  this  purpose  there  is  a  small  glass 

index    immersed    in    the    column    of 

alcohol. 

First  of  all,  in  setting  the  instrument 
this  index  is  brought  to  the  extremity  of 
the  column,  and  the  instrument  is  then 
}  placed  in  a  horizontal  position.  Should 
"^the  temperature  rise,  the  alcohol  will 
expand  and  flow  past  the  index  ;  but 
should  the  temperature  fall,  the  alcohol 
will  contract  and  carry  the  index  with  it  rather  than  admit 
of  the  concave  capillary  surface  of  the  column  being  broken. 
The  lowest  temperature  reached  is  thus  registered. 

In  Professor  Phillips'  maximum  thermometer,  part  of  the 
column  is  separated  from  the  main  body  of  the  mercury  by 
a  little  air.  The  instrument  when  in  use  is  laid  in  a  horizontal 
position.  When  the  mercury  expands  the  pressure  of  the 
^ir  pushes  this  broken  column  on  before  it,  but  the  column 
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does  not  recede  when  the  mercury  again  contracts.  The 
highest  temperature  reached  is  thus  registered. 

Leslie  has  constructed  an  instrument  called  the  DifTerentUi 
Thermometer,  for  showing  the  difference  in  temperature 
between  two  neighbouring  places.  This  instrument  is  re- 
presented in  Fig.  54.  In  it  two  bulbs,  A  and  B,  filled  with 
air,  are  connected  together  by  a  bent  tube,  the  lower  part  of 
which  is  filled  with  some  coloured  liquid. 

This  liquid  will  have  both  its  extremities  at  the  same  level 
if  A  and  B  are  of  the  same  temperature,  but  if  A  is  hotter 
than  B  its  air-pressure  will  therefore  be  greater  than  that  of  B, 
and  the  liquid  will  be  driven  up  the  stem  of  B  by  the  ex- 
pansion of  the  air  in  A  ;  the  motion  will  be  reversed  if  B  be 
hotter  than  A.  Such  an  instrument  may  be  made  to  indicate 
differences  of  temperature  with  very  great  delicacy. 


l> 


Lesson    XXL— Expansion    of   Solids   and   Liquids 
THROUGH   Heat. 

It  has  been  already  stated  (Art.  165)  that  the  effect  of 
heat  upon  bodies  is  in  general  to  produce  expansion,  and 
we  shall  now  proceed  to  a  separate  study  of  this  effect  in 
the  three  states  of  matter — the  solid,  the  liquid,  and  the 
gaseous. 

172.  Expansion  of  Solids.  Linear  Expansion. — In  the 
first  place,  let  us  consider  the  change  in  length  of  a  solid  rod 
or  bar  through  heat.  Several  methods  of  estimating  this 
have  been  proposed.  The  plan  which  pervades  all  these 
methods  is  to  fix  the  bar  at  one  end,  and,  having  heated  it,  to 
note  the  alteration  in  the  position  of  the  other  end.  This 
alteration  may  be  magnified  by  optical  means,  such  as  a 
microscope,  or  by  mechanical  means,  as,  for  instance,  by  an 
arrangement  of  levers.  The  following  figure  will  illustrate 
how  a  comparatively  small  expansion  may  be  rendered  visible 
by  mechanical  means. 
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A  rod  A  is  fixed  at  one  end  by  a  screw  B,  while  the  other  is 
pressed  against  by  the  small  arm  of  a  lever,  the  other  arm  of 
which  (p)  forms  a  pointer.  This  pointer  moves  along  a 
graduated  scale,  and  any  increase  in  the  length  of  the  rod 
will  push  the  short  arm  of  the  lever  to  the  left,  and  hence  the 
pointer  will  travel  to  the  right.  It  is  evident  that  by  having 
the  pointer  sufficiently  long  a  very  small  expansion  may 
thus  be  rendered  visible.  Before  proceeding  further  it 
may  be  well  to  define  what  is  meant  by  the  "  coefficient  of 
expansion." 

Suppose,  for  instance,  that  we  have  a  brass  rod,  the  length 


Fig.  55. 


of  which  is  unity  at  0°  C. ;  then  at  1°  C.  its  length  will  be 
found  to  be  i '00001 8  ;  hence  '000018  is  the  linear  coefficient 
of  the  expansion  of  brass  for  1°  centigrade. 

The  coefficient  of  expansion  is  thus  the  proportional 
expansion  for  a  given  temperature  change— generally  one 
degree. 

173.  In  the  following  table  we  have  the  linear  expansions 
of  some  of  the  most  important  solids,  the  range  of  temperature 
being  that  between  the  freezing  and  the  boiling-point  of 
water  :  — 

Length  at  100°  of  a  rod  whose 


Glass  (mean  result) 
Copper 
Brass  „ 

Soft  iron        „ 


length  at  0°  =  I  "000000. 
1*000853 
1*001716 

rooiSSo 
1*001198 
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Cast  iron 

(mean  result) 

Steel 

)j 

Lead 

j» 

Tin 

» 

Silver 

» 

Gold 

3) 

Platinum 

» 

Zinc 

3> 

185 

Length  at  looP  of  a  rod  whose 
length  at  0°  =1*000000. 

I '001090 

I '001136 

I -0028 1 8 
I '001959 
I '001923 
1*001441 
I  '000870 
I  '002976 

It  ought,  however,  to  be  borne  in  mind  that  in  such  deter- 
minations as  these  we  are  not  always  sure  of  the  chemical 
purity  of  the  bar  upon  which  our  experiments  are  made. 

Again,  even  in  those  substances  which  have  the  same 
chemical  composition,  the  molecular  structure  may  be  very 
different,  in  consequence  of  the  treatment  they  have  under- 
gone. Thus,  for  example,  we  find  that  the  expansion  of 
the  various  kinds  of  glass  ranges  from  '000776  to  '000918, 
probably  on  account  of  difference  in  chemical  composition  ; 
and  that  steel  tempered  yellow  has  for  its  expansion  '00 1240, 
while  untempered  steel  has  only  '00x080,  the  difference 
here  being  probably  due  to  the  treatment  which  the  steel  has 
undergone  in  the  operation  of  tempering. 

174>.  Cubical  Expansion. — Hitherto  our  object  has  been 
to  find  how  much  a  solid  in  the  shape  of  a  bar  or  rod  has  in- 
creased in  length  through  the  application  of  heat  ;  but  let  us 
now  suppose  that  we  wish  to  estimate  its  increase  of  volume. 
Suppose,  for  instance,  that  we  have  a  solid  cube,  the  side  of 
which  is  unity ^  and  that  through  the  effect  of  heat  this  side 
has  become  =100001,  the  volume  of  the  solid  will  now  be 
(l'ooooi)3=  i'oooo3  nearly.  Thus  while  the  coefficient  of 
linear  expansion  is  'ooooi,  that  of  cubical  expansion  is  '00003, 
or  three  times  as  great  as  the  other. 

There  are  different  methods  of  determining  experiment- 
ally the  cubical  expansion  of  solids.  One  of  these  is  to 
-  --weigh  the  solid  at  different  temperatures  in  a  liquid  of  which 
the  specific  gravity  at  these  temperatures  is  accurately 
known. 
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As  an  example  of  this  method,  let  us  sftppose  that  a  solid 
weighs  600  grammes  in  vacuo,  and  only  400  grammes  in  a 
fluid  at  o''  C,  of  which  the  specific  gravity  is  i  '2,  while  it 
weighs  406  grammes  in  the  same  fluid  at  100°  C,  for  which 
temperature  the  specific  gravity  of  the  fluid  is  known  to  be 
I '16  :  find  what  is  the  cubical  expansion  of  the  solid  between 
these  two  temperatures  } 

Now,  since  the  loss  of  weight  of  a  solid  in  any  fluid  is 
equal  to  the  weight  of  the  bulk  of  that  fluid  which  it  dis- 
places, 600  —  400  =  200  grammes  must  be  the  weight  of 
the  fluid  whose  specific  gravity  is  1*2,  which  is  displaced 
by  the  sohd  at  0°  C.  But  according  to  the  metrical  system, 
had  the  specific  gravity  of  the  fluid  been  I'o,  the  200 
grammes  of  weight  would  have  exactly  corresponded  to  a 
volume  equal  to  200  cubic  centimetres ;  as,  however,  the 
specific  gravity  is  i  '2,  the  volume  will  be  less  in  this  pro- 
portion, and  hence  the  volume  displaced  at  0°  C.  will  be 

?^  =  166-6. 

I '2 

In  like  manner,  at  100°  C.  the  loss  of  weight  being  194 
grammes    and    the    specific    gravity    I*i6,    we    have    the 

volume    displaced  =  -f^  =  167 '2.     We  thus  perceive  that 

a  quantity  of  the  solid,  of  which  the  volume  was   166*6 
at  0°  C,  has   a  volume  equal  to  167*2  at    100°,  showing 

a  proportional  cubical  expansion  =  -tz:>  —  I  =  '0036  between 

these  two  points. 

175.  We  have  already  (Art.  174)  adduced  a  reason  why  the 
coefficient  of  cubical  expansion  of  a  solid  should  be  three  times 
as  great  as  its  coefficient  of  linear  expansion.  Let  us  now  see  . 
whether  our  conclusion  is  correct  as  a  matter  of  fact.  In 
the  following  table  a  comparison  is  made  between  the 
linear  and  the  cubical  expansion  of  the  same  substances, 
the  two  sets  of  expansions  being  independently  deter- 
mined, and  it  will  easily  be  seen  that  in  all  cases  the  cubical 
is  as  nearly  as  possible  equal  to  three  times  the  linear 
expansion. 
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COMPARISON   OF  LINEAR  AND  CUBICAL  EXPANSION. 


Substance. 

Mean  Linear 
Expansion  between 
0°  and  100". 

Mean  Cubic 

Expansion  beti 

0°  and  100° 

Glass  .     . 
Copper     . 
Lead    .    . 

.      ,      -000853 
.      ,      -001716 
.      .      -002818 

•002540 
•005127 
-008900 

Tin      .     . 
Zinc     .     . 
Iron     .     . 

.      .      -001959 
.      .      -002976 
.      .     -001204 

•006900 
•008900 
•003546 

176.  Remarks  on  the  Expansion  of  Solids. — (i)  The  con- 
nexion which  the  table  given  above  exhibits  between  cubical 
and  linear  expansion  presupposes  that  a  sohd  expands 
equally  in  all  directions,  so  as  always  to  preserve  a  simi- 
larity of  figure.  This  is  not,  however,  in  general  the  case 
with  crystals,  which  expand  unequally  in  different  directions  ; 
we  cannot,  therefore,  deduce  for  these  bodies  the  linear  from 
the  cubical,  or  the  cubical  from  the  linear  expansion. 

(2)  In  the  second  place,  although  solids  in  general  expand 
through  heat,  yet  there  are  exceptions  to  the  rule,  one  of  the 
most  notable  being  Rose's  fusible  metal,  which  after  a 
certain  point  contracts  instead  of  expanding  if  the  tempera- 
ture be  increased. 

(3)  In  the  next  place,  solids  in  general  expand  more 
rapidly  at  high  than  at  low  temperatures.  Thus  a  certain 
glass,  of  which  the  cubical  expansion  between  0°  and  100°  is 
at  the  rate  of  -0000258  for  1°  C,  will,  between  0°  and  300°  C, 
expand  at  the  rate  of  •0000304. 

177.  Expansion  of  Iiiqnids.— As  a  liquid  must  always  be 
contained  in  a  solid  vessel,  the  expansion  of  liquids  may 
be  said  to  be  of  two  kinds — either  apparent  or  reaL  The 
apparent  expansion  of  a  liquid  through  heat  means  the 
apparent  increase  of  volume  of  a  liquid,  contained  in  a  vessel 
that  expands  through  heat  to  a  smaller  extent  than  the 
liquid  which  it  contains.  Again,  by  real  expansion  we  mean 
the  true  expansion  of  the  liquid,  without  reference  to  the 
containing  vessel.  It  is  real,  not  apparent,  expansion  which 
we  shall  now  consider. 
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There  are  various  methods  of  finding  the  true  expansion 
of  a  liquid.  One  of  these  is  the  method  by  thermometers,  in 
which  the  liquid  is  used  to  fill  the  bulb  of  a  thermometer, 
of  which  the  internal  volume  or  capacity  is  supposed  to  be 
known  for  the  various  temperatures  used  in  the  experiment. 
When  the  thermometer  has  been  filled  with  the  liquid  whose 
expansion  we  wish  to  determine,  it  is  exposed  to  various 
temperatures,  and  for  each  of  these  temperatures  the  height 
of  the  column  of  liquid  in  the  s^em  of  the  thermometer 
is  accurately  noted.  Thus,  knowing  the  capacity  of  the 
thermometer  at  the  various  temperatures,  we  come  to  know 
the  volume  occupied  by  the  liquid  at  those  temperatures, 
and  from  this  the  amount  of  its  expansion  may  be  easily 
deduced. 

Another  method  may  be  mentioned,  which  has  recently 
been  used  by  Matthiessen  with  great  success.  A  long  rod  of 
glass  has  its  linear  expansion  determined  at  various  tem- 
peratures with  great  exactness,  and  a  short  piece  of  this 
rod  is  broken  off,  the  cubical  expansion  of  which  is  reckoned 
to  be  three  times  its  linear  expansion.  Now  knowing  the 
cubical  expansion  of  this  piece  of  glass,  we  have  the  means 
of  knowing  its  volume  at  various  temperatures.  ITie  piece 
of  glass  is  next  weighed  at  various  temperatures  in  the  liquid 
which  we  wish  to  examine. 

To  illustrate  this  method  of  observation,  suppose  that  we 
have  determined  that  one  piece  of  glass  has  a  linear  expan- 
sion equal  to  '00090  between  o°  and  100°  C. :  hence  its  cubical 
expansion  between  these  limits  will  be  '00270,  and  hence  a 
piece  of  glass  whose  volume  at  0°  C.  is  unity  will  have  at 
100°  C.  a  volume  equal  to  1*0027.  Now  let  us  suppose  that 
at  0°  C.  this  piece  of  glass  loses  one  gramme  of  its  weight  in 
the  fluid  in  which  it  is  weighed,  while  at  100°  C.  it  only 
loses  0*96  of  a  gramme.  We  thus  learn  that  at  0°  C.  a 
volume  equal  to  unity  of  the  fluid  in  question  weighs  one 
gramme,  while  at  100°  C.  a  volume  equal  to  1*0027  of  the 
same  fluid  weighs  o'96  of  a  gramme.  It  would  therefore 
require  a  volume  of  the  fluid  at  100°  C.  =  i'oo27  X  W^o 
weigh  a  gramme  ;  or,  in  other  words,  a  volume  equal   to 
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I  -0444  of  the  fluid  at  100°  C.  will  weigh  the  same  and  contain 
as  many  particles  as  a  volume  equal  to  unity  at  0°  C.  The 
proportional  expansion  of  the  fluid  between  0°  and  100°  C.  will 
therefore  be  '0444. 

178.  In  estimating  the  expansion  of  mercury  Regnault  has 
adopted  a  different  method  from  either  of  these  which  we 
have  now  described.  The  principle  of  his  method  consisted 
in  filling  a  U-shaped  tube  with  mercury,  one  limb  being  kept 
at  a  low  and  the  other  at  a  high  temperature.  The  mercury 
in  the  heated  limb  was,  of  course,  specifically  lighter  than 
that  in  the  other ;  and  hence,  since  the  two  columns  were 
connected,  and  therefore  balanced  one  another  hydrostatic- 
ally,  the  hot  column  necessarily  read  higher  than  the  cold 
one.  In  fact,  in  such  a  case  the  heights  would  vary  inversely 
as  the  densities,  so  that  by  knowing  the  heights  the  densities 
might  be  determined.  Now  when  we  know  the  density  of 
mercury  at  two  temperatures,  we  have  the  means  of  deducijig 
its  expansion  betwieen  these  two  temperatures. 

By  this  means  Regnault  has  obtained  the  following 
result:— 

True  temperature  as  Whole  expansion  from  o°  to  /°  of  a 

determined  by  an  volume  of  mercury  equal  to 

air  thermometer  (t).  unity  at  o°. 

O  '000000 

10  '001792 

20  '003590 

30  -005393 

40  '007201 

50  '009013 

100  '018153 

150  -027419 

200  '036811 

250  'O46329 

300  055973 

350  '065743 

It  will  be  seen  from  this  table  that  the  rate  of  expansion  of 
mercury  varies  with  the  temperature.     Thus  for  the  fifty 
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degrees  between  o°  and  50°  the  expansion  is  '009013,  while 
between  300*^  and  350°  it  is  '009770. 

179.  Expansion  of  "Water. — We  shall  now  allude  to  a 
peculiarity  which  water  exhibits  with  respect  to  its  expansion. 
This  liquid,  it  is  well  known,  freezes  at  0°  C. ;  but  if  heat  be 
applied  to  water  at  its  freezing-point,  the  water  does  not 
expand,  as  might  be  imagined,  but  contracts  until  the  tem- 
perature 4°  C.  is  reached,  and  from  this  temperature  it 
continues  to  expand. 

Water  thus  exhibits  a  point  of  maximum  density  at  4°,  and 
the  fact  may  be  easily  shown  by  means  of  the  following 
apparatus  devised  by  Hope. 

It  consists  of  a  glass  vessel  filled  with  water  at  the  ordinary 
temperature  (Fig.  56),  and  having  in 
its  sides  holes  through  which  two 
thermometers  are  inserted — one  near 
the  top  and  the  other  near  the 
bottom  of  the  instrument.  The 
middle  of  the  instrument  is  sur- 
rounded by  an  outer  receptacle,  into 
which  a  freezing  mixture  is  put. 
As  the  temperature  begins  to  fall 
from  the  effects  of  the  mixture,  the 
lower  thermometer  is  at  first  much 
affected,  and  the  upper  one  hardly 

at  all.     The  reason  of  this  is,  that 

~    ""  the  water,  being  cooled  by  the  freez- 

mg  mixture,  grows  specifically 
heavier,  or  contracts,  and  therefore  descends,  and  is  replaced 
by  lighter  and  warmer  water  from  below.  The  lower  ther- 
mometer is  therefore  chiefly  affected,  and  this  will  continue 
until  the  water  attains  the  temperature  of  4°,  at  which  point 
the  lower  thermometer  will  cease  to  fall.  After  this  point,  the 
water  being  still  cooled,  but  growing  now  specifically  lighter, 
since  4°  is  its  point  of  maximum  density,  will  ascend,  and  the 
upper  thermometer  will  begin  to  fall  rapidly,  and  continue  to 
do  so  until  it  reaches  the  freezing-point. 

180.  The  following  table  exhibits  the  volume  of  water  at 


LESS.  XXI.  HEAT.  191 

various  temperatures  between  0°  and  100^,  the  volume  at  4' 
being  taken  as  unity  : — 


Temperature. 

Volume. 

0° 

c. 

roooi3 

4 

rooGoo 

10 

rooo27 

20 

1*00179 

30 

1*00433 

40 

I -00773 

50 

1*01205 

60 

1*01698 

70 

.  1*02255 

80 

1*02885 

90 

1*03566 

100 

1*04315 

181.  It  will  be  noticed  from  this  table  that  the  rate  of 
expansion  of  water  for  the  same  increment  of  temperature  is 
greater  as  we  approach  the  boiling-point.  M.  Pierre  has 
made  many  experiments  on  the  rate  of  expansion  of  various 
liquids  at  0°  C,  and  he  finds  that  those  which  have  high 
boiling-paints  expand  less  at  this  temperature  than  those 
which  boil  at  a  low  temperature. 

This  prepares  us  to  believe  that  the  expansion  of  very 
volatile  liquids  must  be  very  great,  especially  of  such 
liquids  as  carbonic  acid,  which  can  only  be  retained  in 
the  fluid  state  at  ordinary  temperatures  under  very  great 
pressure. 

Now  this  is  found  to  be  the  case.  Thilorier  has  remarked 
that  liquid  carbonic  acid  expands  more  rapidly  than  any  gas  ; 
and  Drion  has  proved  that  sulphurous  acid  at  130°  C.  ex- 
pands about  one-hundredth  of  its  volume  for  1°  C,  or  about 
ten  times  as  much  as  water. 

182.  We  have  thus  the  following  laws  for  the  expansion 
of  liquids  : — 

(i)  Liquids  expand  tnore  than  solids  for  the  same  increment 
of  temperature. 


192  ELEMENTARY  PHYSICS.  chap.  v. 

(2)  Liquids  expand  more  rapidly  at  a  high  than  at  a  low 
temperature, 

(3)  Those  liquids  expand  most  rapidly  of  all  which  can 
only  be  kept  in  the  liquid  state  through  the  application  of 
intense  pressure. 


\  Lesson  XXIL— Expansion  of  Gases.    Practical 
Applications. 

183.  It  has  been  stated  (in  Art.  90)  that  the  pressure  of  a 
gas  is  proportional  to  its  density,  provided  there  is  no  alter- 
ation of  temperature  ;  let  us  now  discuss  the  influence  of 
temperature  upon  the  pressure  of  a  gas.  The  true  connexion 
between  temperature  and  pressure  was  first  discovered  by- 
Charles.  It  may  be  stated  as  follows  : — Suppose  that  we 
have  a  quantity  of  gas  which  is  confined  in  a  vessel  of  in- 
variable volume,  of  which  the  temperature  is  allowed  to  vary. 
Now  let  P  denote  the  pressure  of  the  gas  against  a  square 
unit  of  surface  of  this  vessel  at  0°  C. ;  then  at  f  C.  the 
pressure  will  be  P  (i  +  «  O?  when  a  =  '003665  nearly.  For 
instance,  let  P  denote  760  millimetres  of  the  barometric 
column,  and  let  the  temperature  rise  from  0°  to  20°  ;  then  the 
pressure  will  become  760  (i  -f-  20  X  '003665)  =  815708 
millimetres  nearly.  Or,  again,  let  the  pressure  at  0°  be  unity, 
and  let  the  temperature  rise  from  0°  to  100°  ;  then  the  pressure 
will  rise  to  i  '3665. 

184>.  We  have  here  stated  the  relation  between  the 
temperature  and  the  pressure  of  a  gas,  of  which  the  volume 
is  kept  constant  ;  but  we  can  easily  convert  the  expression 
into  another,  which  will  give  us  the  relation  between  the 
temperature  and  the  volume  if  the  pressure  be  kept  constant. 
Thus,  for  instance,  if  a  bladder  half  filled  with  gas  be 
warmed  at  the  fire  the  volume  will  increase,  while  the  pres- 
sure upon  it  will  remain  constant ;  this  being  that  of 
the  atmosphere  which  presses  upon  the  outside  of  the 
bladder. 

Now  the  increase  in  the  volume  of  the  bladder  for  1°  C. 
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may  be  found  as  follows  :  Let  P  denote  the  pressure  at  0° 
when  the  volume  is  v  ;  then  if  this  volume  be  kept  constant 
we  have  seen  that  the  pressure  at  /°  will  be  P  (1+  •003665  /). 
But  we  have  seeii  that  by  Boyle's  law  the  pressure  of  a  gas 
varies  inversely  as  its  volume ;  if,  therefore,  when  the  gas  has 
attained  the  temperature  t°  and  the  pressure  P  (i  4*  '003665  /), 
we  allow  its  volume  to  increase  from  v  to  v  (i  +  '003665  /), 
we  shall  reduce  its  pressure  in  this  same  proportion,  which 
will  therefore  now  become  p, — thatis  to  say,  its  pressure  will 
be  the  same  as  it  was  before  the  heating  conunenced.  There- 
fore, if  the  gas  be  heated  under  a  constant  pressure,  and  if  v 
denote  its  volume  at  0°,  its  volume  at  /  °  will  be  v  (i +'003665/), 
the  same  multiplier  serving  to  denote  the  increase  of  pressure 
if  the  volume  be  constant,  and  the  increase  of  volume  if  the 
pressure  be  constant. 

The  following  example  will  illustrate  the  variation  of 
volume  with  temperature. 

Example  :  A  bladder,  which  at  0°  contains  900  cubic 
centimetres  of  air,  has  its  temperature  increased  to  30°  C, 
the  pressure  under  which  the  gas  exists  meanwhile  remaining 
constant :  what  will  now  be  the  volume  of  the  gas  in  the 
bladder  ? 

Answer :  Its  volume  will  be  900  \  i  +  (30  X  '00365)  \  = 
998*955  cubic  centimetres. 

185:  It  is  an  important  fact  that  the  co-efficient  of  ex- 
pansion, or  '003665,  is  as  nearly  as  possible  the  same  for  all 
gases,  so  that  ifato°  C.  we  have  unit  volumes  of  atmospheric 
air,  hydrogen,  oxygen,  carbonic  acid,  and  other  gases,  and  if 
the  temperature  change  so  as  to  become  successively  20°,  30°, 
50°,  100°  C,  the  volumes  of  these  various  gases  will  continue 
equal  to  one  another  at  each  of  these  temperatures.  Thus  at 
50°  they  will  all  have  the  volume  i '18325,  while  at  loo''  their 
volume  will  be  i  '3665. 

Or  again,  if  we  have  at  0°  equal  volumes  of  various  gases 
all  under  unity  of  pressure,  and  if  the  temperature  be  in- 
creased while  the  volume  remains  unaltered,  the  pressures  of 
the  various  gases  will  continue  equal  to  one  another  at  each 
of  these  temperatures.     Thus  at  50°  C.  they  will  all  have  the 
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pressure  1*18325,  while  at  100°  their  pressure  will  be  1*3665. 
Now  if  we  make  use  of  a  bulb  filled  with  gas  as  a  thermo- 
meter in  order  to  estimate  the  temperature,  either  by  the 
increase  of  volume  of  the  gas  under  a  given  pressure,  or.  by 
the  increase  of  pressure  of  the  gas  under  a  given  volume,  we 
have  this  great  advantage  over  a  liquid,  that  we  are  inde- 
pendent of  the  kind  of  gas  with  which  we  fill  our  bulb,  for  we 
have  just  seen  that  all  permanent  gases  will  give  as  nearly  as 
possible  the  same  indications.  On  the  other  hand,  if  we  have 
two  thermometers  filled  with  two  different  liquids,  and  mark 
them  off  at  0°  and  at  100°,  the  chances  are  they  will  not  read 
the  same  midway  between  these  two  points.  The  advantage 
of  using  an  air  thermometer  is  thus  apparent. 

The  law  of  Charles  becomes  simpler  in  expression  if  while 
adhering  to  centigrade  degrees  we  start  from  a  zero  272°  C. 
below  the  melting  point  of  ice.  This  is  in  fact  the  zero  of 
absolute  temperature^  lower  than  which  we  cannot  imagine  a 
temperature  to  be  ;  and  the  temperature  reckoned  from  this 
zero  is  called  the  absolute  temperature.  Charles's  law  may 
now  be  stated  as  follows  :  The  pressure  of  a  gas  of  given 
volume  is  proportional  to  its  absolute  temperatures  and 
again  :  The  volume  of  a  gas  of  given  pressure  is  proportional 
to  its  absolute  temperature. 

Example, — A  gas  of  constant  volume  has  a  pressure  8  at 
—29°  C. ;  what  will  be  its  pressure  at  +  112°  C»  1 

Answer — The  absolute  temperature  corresponding  to 
— 29°  C.  is  243°,  while  that  corresponding  to  -t-ii2°  C.  is  384°. 
Hence  the  proportion  :  As  243  is  to  384,  so  is  8  to  12*64, 
which  latter  number  denotes  therefore  the  required  pressure. 

186.  Applications  of  the  Iaws  of  Expansion. — Since  all 
the  substances  around  us  are  continually  changing  their 
temperature,  they  are,  in  consequence,  subject  to  a  continual 
change  of  volume,  and  this  change  must  be  taken  account  of 
in  all  delicate  operations.  Let,  us,  in  the  first  place,  describe 
how  the  standards  of  length,  mass,  density,  and  time  are 
affected  on  account  of  this  change. 

187.  Standards  of  lieneth. — The  m^tre  represents 
approximately  the   lo^ooo^oooth  part  of  a  quadrantal  arc 
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of  a  meridian  on  the  earth's  surface.  The  standard 
platinum  m^tre  of  France  represents  a  m^tre  at  0°  C.  ;  it  will 
therefore  be  longer  than  a  m^tre  at  any  temperature  higher 
than  0°. 

The  English  bronze  standard  of  length,  on  the  other  hand, 
represents  a  yard  at  62°  F.,  so  that  at  a  temperature  below 
62°  it  will  be  less  than  a  yard,  while  at  a  higher  temperature 
it  will  be  longer.  Therefore,  when  we  say  that  a  mtoe  is 
equal  to  39*37079  English  inches,  we  mean  that  a  m^tre  at 
0°  C.  will  be  equal  in  length  to  39*37079  inches  in  an  English 
yard  at  62°  F.;  but  if  the  two  standards — the  French  and 
the  English — are  compared  together  at  any  common  tem- 
perature, the  proportion  between  the  two  will  be  different 
from  the  above.  The  relation  between  the  French  and 
English  standards  of  length  is  given  in  Art.  8. 

188.  standards  of  Masa. — Standard  weights  are  in  reality 
standards  of  mass,  since  (Art.  34)  the  weight  of  a  body  at 
the  same  point  of  the  earth's  surface  is  proportional  to  its 
mass. 

In  France  the  standard  weight,  or  the  gramme,  is  defined 
to  be  the  weight  of  a  cubic  centimetre  of  distilled  water  at 
the  temperature  of  its  greatest  density  (supposed  equal  to 

4°  c). 

The  English  pound  avoirdupois  is  an  arbitrary  standard 
containing  7,000  grs.  The  relation  between  the  French  and 
English  system  of  weights  has  already  been  given  (Art.  11). 

If  we  could  make  all  our  weighings  in  vacuo,  temperature 
would  not  affect  our  determinations ;  but  since  these  must 
necessarily  be  made  in  air,  and  since  the  density  of  air 
depends,  among  other  things,  on  its  temperature,  and  since 
the  weight  of  a  body  when  weighed  in  air  is  rendered  lighter 
than  in  vacuo  by  the  weight  of  air  which  it  displaces,  it  is 
necessary  in  all  very  accurate  weighings  to  know  the  tem- 
perature of  the  air. 

1B9,  Standards  of.  Density. — The  French  method  of 
estimating  comparative  density  or  specific  gravity  is  now 
generally  adopted  by  men  of  science. 

In  it  the  specific  gravity  of  solid  aad  liquid  bodies  is 

o  2 
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referred  to  that  of  water  at  4°  C,  of  which  the  density  is 
reckoned  equal  to  unity.  Now  we  have  seen  (Art.  11)  that  a 
cubic  centimetre  of  water  at  this  temperature  weighs  exactly 
one  gramme.  Hence  we  know  that  a  cubic  centimetre  of  a 
substance  whose  specific  gravity,  referred  to  the  water  unit,  is 
2,  will  weigh  exactly  2  grammes  ;  and,  in  fact,  that  the  weight 
of  one  cubic  centimetre  of  any  substance  will  denote  at  the 
same  time  its  specific  gravity.  But  since  substances  in 
general  expand  through  heat,  their  densities  will  thus  be  less 
at  high  than  at  low  temperatures  ;  and,  also,  since  they  ex- 
pand unequally,  the  proportion  between  the  densities  of  two 
substances  will  be  different  for  different  temperatures  ;  so 
that  in  estimating  the  comparative  density  or  specific  gravity 
of  a  substance  we  must  fix  upon  some  standard  temperature 
at  which  this  estimation  may  be  made.  0°  C.  has  been 
chosen  as  the  temperature  for  such  comparisons  ;  so  that 
when  we  say  that  such  a  substance  has  the  specific  gravity  of 
2*1,  we  mean  that  a  cubic  centimetre  of  the  substance  at 
0°  C.  will  weigh  2*1  grammes.  But  in  order  to  know  the 
specific  gravity  of  the  substance  at  any  other  temperature  it 
will  be  necessary  to  know  its  co-efficient  of  expansion. 
Gases,  again,  are  compared  together  at  the  temperature 
0°  C.  under  the  barometric  pressure  of  760  millimetres  of 
mercury  (reduced  to  0°  C),  the  standard  here  being  dry  air, 
of  which  the  density,  under  these  circumstances  of  tempera- 
ture and  pressure,  is  reckoned  equal  to  unity. 

190.  Measurea  of  Time. — It  has  already  been  stated  that 
a  long  pendulum  vibrates  slower  than  a  short  one  ;  and  since 
a  rise  of  temperature  increases  the  length  of  a  clock  pen- 
dulum, it  will  therefore,  if  uncompensated,  increase  its  time 
of  vibration,  and  thus  appear  to  make  the  clock  go  slow.  In 
like  manner  an  increase  of  temperature  tends  to  make  the 
balance-wheel  of  a  chronometer  oscillate  more  slowly  in  hot 
weather  than  in  cold. 

The  best  method  of  compensating  for  the  effect  of  heat 
upon  pendulums  is  probably  that  invented  by  Mr.  Harrison. 
This  arrangement,  from  its  form,  is  called  the  gridiron 
r)endu]um.     It  is^  exhibited  in  the  annexed  figure,  in  which 
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the  dark  lines  represent  iron  and  the  lighter  lines  brass  or 
zinc. 

Here  it  is  evident  from  the  figure  that  the  iron  rods,  being 
attached  to  the  upper  cross-pieces,  will  tend 
to  lower  the  bob  by  their  expansion,  while  y 

the  brass  or  zinc  rods  being  attached  to  the         f^-^~ 
lower  cross-pieces,  will  tend  to  raise  it. 

Now  the  proportion  between  the  length  of 
the  iron  and  of  the  brass  or  zinc  rods  may 
be  so  arranged  that  the  upward  and  down- 
ward expansion  shall  be  precisely  equal,  in 
which  case  the  position  of  the  bob  will 
remain  unaltered,  even  although  there  be 
a  considerable  change  of  temperature. 

191.  The  compensation  balance  for  chro- 
nometers depends  upon  the  circumstance 
that,  if  a  ribbon  or  bar  be  made  of  two 
metals  of  different  expansive  power  firmly 
attached  to  each  other,  this  ribbon  will,  when 
the  temperature  rises,  bend,  so  that  the  most 
expansible  metal  shall  form  the  outer  or 
convex  surface,  and  the  least  expansible  the 
concave  or  inner  surface.  On  the  other 
hand,  should  the  temperature  fall,  the  most 
expansible  metal  will  form  the  inner  or  con-  Fig.  57. 

cave  surface.  Now  the  rim  of  the  balance- 
wheel  of  a  chronometer  is  formed  (as  in  Fig.  58)  of  several 
separate  pieces,  which  are  fixed  at  one  end  and  free  at  the 
other,  the  free  ends  being  loaded,  and  each  piece  is  composed 
of  two  metals  of  unequal  expansibility,  firmly  attached  to  one 
another,  the  most  expansible  being  without.  Hence,  when 
the  temperature  increases;  the  loaded  ends  will  approach  the 
centre,  and  when  it  diminishes  they  will  be  thrown  out  from 
the  centre. 

But  when  the  temperature  increases  the  radius  of  the 
wheel  increases  also,  and  the  matter  of  the  wheel  is  from 
this  cause  thrown  out  from  the  centre.  Now  we  have 
seen  that  the  effect  of  the  temperature  compensation  is 
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under  these  circumstances  to  throw  the  matter  towards  the 
centre,  and  hence  the  one  effect  may  be  made  to  counteract 
the  other,  so  as  to  preserve  unaltered  the  time  of  oscillation 
of  the  balance-wheel. 

192.  There  are  many  other  instances 
besides  these  now  enumerated,  in  which 
account  must  be  taken  of  the  expansion 
of  bodies.  Thus,  in  estimating  the  pres- 
sure of  the  atmosphere  by  means  of  the 
mercurial  column  of  the  barometer,  it  is 
necessary  to  know  the  density  of  the 
FigTsS.  column,  and   hence  we    must   know   its 

temperature. 

Again,  in  large  structures,  such  as  iron  and  tubular  bridges, 
allowance  must  be  made,  so  that  the  materials  may  have 
freedom  to  expand.  There  is  an  arrangement  for  this  pur- 
pose in  the  Menai  tubular  bridge. 

In  some  instances  advantage  is  taken  of  the  fact  of  ex- 
pansion. Thus,  for  instance,  in  making  a  wheel  the  tire  is 
made  to  fit  loosely  in  a  red-hot  state,  and  when  it  has  cooled 
it  grasps  the  wheel  firmly  and  becomes  quite  tight. 


Lesson  XXIII.-— Change  of  State  and  other  Effects 
OF  Heat. 

193.  We  have  already  (Art.  4)  spoken  of  the  three  con- 
ditions of  matter— the  solid,  the  liquid,  and  the  gaseous — 
and  stated  that  very  many  bodies  can  be  produced  in  all 
these  three  states.  Some  bodies,  however,  such  as  oxygen, 
hydrogen,  and  nitrogen,  can  only  be  condensed  into  a  liquid 
form  with  very  great  difficulty. 

Now,  it  is  an  invariable  rule  that,  whenever  a  solid  is 
changed  into  a  liquid,  it  is  through  an  increase  and  not 
through  a  diminution  of  temperature,  and  in  like  manner 
when  a  liquid  becomes  a  gas  it  is  through  an  increase,  not 
"hrough  a  diminution,  of  temperature  ;   so  that  when,  for 
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instance,  we  condense  hydrogen  into  a  liquid,  it  is  done  by 
cooling,  and  not  by  heating  the  hydrogen. 

Let  us  now,  in  the  first  place,  consider  the  passage  from 
the  solid  to  the  liquid  state  ;  and,  secondly,  the  passage  into 
the  gaseous  state,  or  vaporization. 

194..  Idqnefaction. — The  passage  from  the  solid  to  the 
liquid  state  may  either  be  gradual  or  abrupt.  Treacle,  honey, 
and  sealing-wax  are  bodies  that  pass  gradually  from  the  one 
state  into  the  other,  so  that  for  a  considerable  range  of 
temperature  these  bodies  are  neither  solid  nor  liquid,  but 
rather  viscous  or  plastic.  Ice,  on  the  other  hand,  is  a  body 
that  passes  very  rapidly  into  water,  so  that  during  a  rise  of 
temperature,  probably  not  greater  than  o'i°  C,  an  unmis- 
takable change  of  state  has  been  produced  ;  nevertheless, 
even  in  this  case,  we  have  reason  to  believe  that  the  change 
is  not  absolutely  abrupt. 

But  there  is  another  peculiarity  besides  greater  or  less 
abruptness,  which  sometimes  accompanies  this  change  from 
the  solid  to  the  liquid  state  ;  for  a  large  class  of  substances 
change  their  composition  in  the  act  of  changing  their  state. 
Saline  solutions  are  a  notable  instance  of  this,  and  in  many 
of  these  a  larger  quantity  of  salt  is  retained  in  solution  at  a 
high  than  at  a  low  temperature,  so  that,  when  left  to  cool, 
crystals  of  the  salt  are  deposited.  This,  therefore,  is  a 
case  where  change  of  composition  accompanies  change  of 
state. 

A  somewhat  different  change  takes  place  in  weak  saline 
solutions,  such  as  sea-water,  in  which,  when  the  temperature 
is  gradually  reduced,  the  water  solidifies  as  nearly  pure  ice, 
separating  itself  from  the  salt  in  the  course  of  congelation. 

195.  We  have  stated  that  the  melting-point  of  ice  is  not, 
like  the  boiling-point  of  water,  dependent  upon  the  pressure  ; 
but  this,  though  approximately,  is  not  absolutely  correct,  for 
the  melting-point  of  ice  is  very  slightly  lowered  by  an  increase 
of  pressure,  and  the  same  phenomenon  occurs  in  all  cases  in 
which  a  substance  expands  in  the  act  of  congelation.  On 
the  other  hand,  if  a  substance  contracts  when  freezing,  its 
melting-point  is  raised  by  pressure. 
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196.  Meltinv-points. — The  following  table  gives  the 
melting-points  of  some  of  the  most  useful  substances  : — 

Substance.  Melting-point  (centigrade). 

Mercury —  39° 

Ice o 

Phosphorus 44 

Spermaceti 49 

Stearine 55 

Potassium 58 

Sodium 90 

Sulphur Ill 

Tin        235 

Bismuth ...  260 

Lead 325 

Zinc 412 

Silver 1000 

Gold 1250 

Iron 1500 

197.  Solidification. — Although  we  cannot  retain  ice  in  the 
solid  state  above  its  melting-point,  yet  we  can  retain  water  in 
the  liquid  state  below  its  freezing-point,  for  when  allowed  to 
cool  in  a  clean  vessel,  and  at  rest,  water  may  remain  liquid 
until  about — 10°  C.  In  like  manner,  water  in  a  capillary  tube 
may  be  kept  liquid  as  low  as  — 20°  C.  But  if  water  be  below 
the  freezing-point,  and  if  a  bit  of  ordinary  ice,  or  anything 
capable  of  acting  as  a  nucleus,  be  dropped  into  it,  soUdifi- 
cation  conmiences,  and  the  temperature  of  the  water  rises  to 
o°C. 

Solutions  exhibit  a  similar  anomaly,  for  a  hot  saturated 
solution  of  Glauber's  salt,  when  cooled  slowly  and  at  rest, 
will  frequently  retain  all  its  salt  in  solution,  even  at  a  very 
low  temperature.  But  when  a  bit  of  anything  capable  of 
acting  as  a  nucleus  is  thrown  in,  crystallization  immediately 
commences. 

198.  Revelation. — A  curious  property  of  melting  ice  was 
observed  by  Faraday.  If  two  pieces  of  such  ice,  having 
smooth  surfaces,  be  kept  together,  they  will  soon  adhere,  and 
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will  do  so  in  air,  or  in  water,  or  in  vacuo.  According  to 
Forbes,  this  behaviour  is  due  to  the  fact  that  the  interior  of  a 
block  of  melting  ice  is  in  reality  a  little  colder  than  its 
surface,  just  as  the  interior  of  a  large  block  of  sealing-wax  in 
the  act  of  melting  away  in  a  vessel  of  liquid  wax  may  be 
supposed  to  be  colder  than  its  surface. 

In  fact,  the  temperature  of  true  hard  ice  is  supposed  to  be 
somewhat  lower  than  that  of  ice-cold  water,  so  that  in  passing 
from  the  one  to  the  other  there  is  an  intermediate  state  of 
viscosity,  extending  however,  in  the  case  of  water,  through  a 
very  small  range  of  temperature. 

Now  when  the  smooth  surfaces  of  two  pieces  of  melting 
ice  are  put  together  there  is  a  film  of  water  between  them, 
and  we  can  easily  see  why  this  water  should  freeze,  because 
it  is  surrounded  on  this  hypothesis  by  a  colder  substance  on 
both  sides.  A  new  distribution  of  heat  will  therefore  take 
place,  and  the  water  will  become  frozen,  forming  the  centre 
of  the  block. 

199.  Let  us  now  discuss  the  change  into  the  gaseous  state. 
This  may  be  of  two  kinds  : — 

(i)   Vaporization,  or  the  conversion  of  a  liquid  into  a  gas ; 

(2)  Sublimation,  or  the  conversion  of  a  solid  into  a  gas. 

fiOO.  Vaporisation. — This  sometimes  takes  place  quietly, 
and  without  the  formation  of  bubbles,  and  sometimes  in  a 
violent  manner,  and  with  the  formation  of  bubbles  in  the 
body  of  the  liquid.  In  the  former  case  it  is  termed  erapora- 
tion,  and  in  the  latter  ebullition. 

Evaporation  from  the  surface  of  a  liquid  takes  place  much 
more  rapidly  in  vacuo  than  in  air.  Suppose,  for  instance, 
that  we  have  a  volatile  liquid  under  the  exhausted  receiver  of 
an  air-pump,  it  will  evaporate  much  more  rapidly  than  if  it 
were  in  the  open  air.  After  a  time,  however,  we  shall  find 
that  the  evaporation  begun  so  rapidly  will  go  on  less  quickly, 
imtil  at  last  it  will  come  to  a  standstill,  and  no  more  vapour 
will  rise  from  the  liquid.  Dalton  was  the  first  to  show  that 
the  vapour  will  continue  to  rise  until  a  definite  vapour  pres- 
sure has  been  produced  in  the  receiver,  and  will  then  cease 
rising  ;  and  further,  that  this  vapour  pressure  is  regulated. 
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not  only  by  the  nature  of  the  volatile  liquid,  but  also  by  the 
temperature. 

Thus,  if  the  liquid  be  water  and  the  temperature  25°  C, 
vapour  will  cease  to  rise  when  the  pressure  in  the  receiver 
has  become  23*550  millimetres  ;  but  if  the  temperature  be 
35°  C,  then  vapour  will  rise  until  the  pressure  becomes 
41*827  millimtees. 

On  the  other  hand,  if  the  liquid  be  ether,  we  shall  at 
25°  C.  have  a  vapour  pressure  equal  to  525*93  millimetres, 
while  at  35°  C.  the  pressure  of  its  vapour  will  be  761*20 
millimetres. 

We  have  said  that  if  air  be  present  the  evaporation  will 
go  on  much  less  quickly  ;  nevertheless,  the  presence  of  air 
will  not  alter  the  final  result.  Thus,  for  instance,  if  a  vessel 
of  water  be  allowed  to  evaporate  in  a  receiver  full  of  air, 
and  if  the  temperature  be  25°  C,  the  vapour  will,  as  before, 
cease  to  rise  when  the  vapour  pressure  has  become  23*550 
millimetres.  In  fact,  at  the  end  of  the  process  there  will  be 
the  same  amount  of  vapour  present  in  the  receiver  full  of 
air  as  there  was  in  the  empty  receiver,  only  the  result  will 
be  much  more  quickly  reached  in  the  latter  than  in  the 
former  case. 

If  a  vessel  filled  with  water  be  suffered  to  evaporate  in  the 
open  air,  the  process  will  go  on  much  more  rapidly  if  the  air 
be  dry,  and  also  if  there  be  wind  or  any  agitation  tending  to 
renew  the  particles  of  air  above  the  surface  of  the  water. 
The  reason  of  this  is  very  obvious  ;  for  when  evaporation 
takes  place  in  still  air,  the  air  in  contact  with  the  surface  of 
water  soon  becomes  nearly  saturated  with  watery  vapour, 
and  hence  the  evaporation  proceeds  very  slowly.  In  fact,  a 
constant  supply  of  new  and  dry  particles  of  air  is  necessary' 
if  the  process  of  evaporation  is  to  go  on  with  rapidity. 

aoi.  Distillation. — Suppose  now  that  we  have  two  vessels 
of  different  temperatures  in  communication  with  each  other. 
Let  Fig.  59  represent  an  apparatus  of  this  kind,  which  is  that 
made  use  of  in  distillation. 

Heat  is  applied  to  the  liquid  in  the  vessel  at  A,  and  the 
vapour  issuing  from  it  is  made  to  pass  through  a  coil  of  pipes 
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surrounded  by  cold  water  at  C.  Thus  vapour  is  no  sooner 
formed  at  A  than  it  rushes  along  the  tube,  and  is  immediately 
condensed  and  its  place  supplied  by  new  vapour;  and  the 
rapidity  of  the  process  will  only  be  limited  by  the  supply  of 
heat  at  A  and  the  supply  of  cold  water  at  C,  for  if  there  be 
a  small  supply  of  heat  at  A  there  will  be  a  small  formation 
of  vapour,  and  if  there  be  a  deficient  supply  of  cold  water 
at  c  the  vapour  will  not  rapidly  condense.  In  fact,  the  va- 
pour in  this  arrangement  acts  as  a  vehicle  by  which  the  heat 


Fig.  59. 


is  drained  away  from  A  to  c.  D  is  the  pipe  by  which  a  con- 
stant supply  of  cold  water  enters  the  condensing  vessel,  and 
at  E  the  heating  water  is  carried  off,  which  being  lighter 
naturally  rises  to  the  top.  Thus  the  outside  of  the  coil,  or 
worm  as  it  is  called,  is  kept  constantly  surrounded  by  cold 
water. 

The  object  of  distillation  is  generally  to  free  the  liquid 
from  certain  impurities  with  which  it  is  associated.  These 
are  left  behind  in  A,  and  the  condensed  vapour  of  the  liquid 
is  caught  in  a  vessel  at  B. 

20a.  Ebtimtion. — When  a  liquid,  such  as  water,  is  heated 
in  the  open  air,  it  continues  for  some  time  to  increase  in 
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temperature,  and  the  evaporation  becomes  more  and  more 
rapid.  At  length  bubbles  of  vapour  break  out  and  reach  the 
surface,  and  the  process  of  boiling  or  ebullition  has  begun. 
When  this  takes  place  the  temperature  ceases  to  rise,  and 
remains  stationary  until  all  the  water  has  boiled  away,  the 
only  difference  being  that  if  the  supply  of  heat  be  very  great 
the  process  is  very  rapid,  and  if  the  supply  of  heat  be  small 
the  process  is  very  slow.  The  point  at  which  ebullition 
commences  is  called  the  boUiny-point. 

203.  This  point,  in  the  first  instance,  depends  upon  the 
nature  of  the  liquid.  The  following  table  contains  the 
boiling-points  under  the  ordinary  pressure  of  the  atmosphere 
of  some  of  the  most  important  liquids : — 

Substance.  Boiling-point  (centigrade). 

Ether 34-9 

Bisulphide  of  carbon 46*0 

Bromine 59*3 

Wood  spirit 65*5 

Alcohol 78*4 

Benzole 80*4 

Water loo'o 

Fonnic  acid io5'3 

Acetic  acid ii7*3 

Fusel  oil 132*1 

Butyric  acid i57'o 

Sulphurous  ether  .......  160*0 

Sulphuric  acid 337*8 

Mercury 357*o 

Kopp  appears  to  have  traced  a  definite  relation  between 
the  chemical  composition  of  certain  substances  and  the 
temperatures  at  which  they  boil. 

204.  In  the  next  pface,the  boiling-point  of  the  same  liquid 
depends  upon  the  pressure^  a  liquid  boiling  at  a  lower  tem- 
perature if  the  pressure  be  smaller. 

This  may  be  easily  shown  by  means  of  a  few  simple  ex- 
periments.    First,  exhaust  a  vessel  containing  ether  under 
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the  receiver  of  an  air-pump,  and  it  will  be  found  to  boil  at 
the  ordinary  temperature  of  the  air.  Secondly,  fill  a  Florence 
flask  (Fig.  60)  half  full  of  water,  and  boil  it  in  the  open  air 
until  the  upper  part  of  the  flask  be  filled  with  the  vapour  of 
water  ;  let  it  now  be  corked  tightly  and  inverted.  When  it 
has  ceased  to  boil,  pour  some  cold  water  upon  the  flask,  and 
ebullition  will  again  commence.  The  reason  is,  that  the 
cold  water,  by  condensing  the  vapour  which  fills  the  upper 


Fig.  60. 


part  of  the  flask,  withdraws  the  pressure,  and  thus  enables 
the  water  to  boil  at  a  lower  temperature. 

It  follows  from  all  this  that,  inasmuch  as  the  atmospheric 
pressure  at  the  top  of  a  mountain  is  smaller  than  at  the 
bottom,  so  the  boiling  point  of  water  at  the  top  of  a  mountain 
is  lower  than  at  its  bottom. 

Thus  at  the  top  of  Mont  Blanc  water  boils  at  85°  C.  in- 
stead of  100°,  a  temperature  which  is  too  low  for  culinary 
purposes.  Food  cannot,  therefore,  at  such  altitudes  be  cooked 
in  open  vessels  of  water,  but  people  are  there  compelled  to 
heat  water  in  a  close  vessel  under  the  pressure  of  its  own 
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vapour,  in  order  to  obtain  a  temperature  sufficiently  high  for 
cooking  purposes. 

It  has  been  previously  stated  (Art.  89)  that  the  height  of  a 
mountain  can  be  estimated  by  means  of  the  barometer,  and 
we  may  now  add  that  it  can  also  be  ascertained  by  observing 
the  boiling-point  of  water  by  means  of  a  thermometer.  For, 
knowing  as  we  do  the  relation  between  the  'boiling-point  of 
water  and  the  atmospheric  pressure  (Art.  212),  an  observation 
of  the  former  enables  us  to  obtain  the  latter.  In  fact,  we 
read  the  boiling-point  of  water  in  order  to  deduce  from  it 
the  atmospheric  pressure,  and  there  is  therefore  no  advantage 
in  using  a  boiling-point  thermometer,  except  that  it  is  a  more 
portable  instrument  than  an  ordinary  barometer. 

265.  In  the  next  place,  the  nature  of  the  vessel  aflfects  the 
boiling-point  of  the  fluid  which  it  contains.  Thus  it  has 
been  found  that  the  boiling-point  of  water  is  somewhat 
higher  in  a  glass  vessel  than  in  a  metal  one.  If,  however, 
iron  filings  be  dropped  into  the  glass  vessel,  or,  according  to 
Tomlinson,  anything  capable  of  acting  as  a  nucleus,  the 
temperature  of  the  boiling-point  is  lowered,  and  ebullition  is 
promoted. 

206.  It  would  also  appear  that  the  air  dissolved  in  the 
water  has  some  effect  upon  its  boiling-point,  and  M.  Donny, 
by  depriving  water  as  far  as  possible  of  the  air  which  it 
contained,  and  by  inclosing  it  in  a  peculiarly-shaped  vessel, 
was  able  to  raise  the  temperature  to  1 35°  C.  without  ebullition. 

207.  If  the  liquid  is  not  pure,  but  contains  substances  in 
solution^  this  will  likewise  affect  the  boiling-point.  Thus 
the  general  effect  of  salt  dissolved  in  water  is  to  raise  its 
boiling-point. 

208.  Spheroidal  State. — If  a  drop  of  water  be  thrown  upon 
certain  surfaces  at  a  very  high  temperature,  it  does  not  ad- 
here to  the  surface,  but  moves  about  and  evaporates  without 
boiling.  This  peculiarity  of  liquids  has  given  rise  to  some 
very  curious  experiments.  For  instance,  M.  Boutigny  poured 
liquid  sulphurous  acid  upon  a  platinum  capsule  heated  to  a 
white-heat ;  yet  this  very  volatile  liquid  did  not  boil,  and  its 
rate  of  evaporation  was  very  slow.     Faraday,  again>  pouted 
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upon  a  red-hot  platinum  capsule  a  mixture  of  ether  and 
solid  carbonic  acid,  which  evaporated  very  slowly,  and 
nevertheless  solidified  some  mercury  brought  into  contact 
with  it. 

Want  of  contact  appears  to  be  the  explanation  of  this 
behaviour,  and  M.  Boutigny  has  found  that  in  certain  cases 
the  light  of  a  taper  may  be  seen  between  the  liquid  and  the 
surface. 

It  is  no  doubt  this  want  of  contact  that  prevents  the  heat 
from  reaching  the  liquid  sufficiently  fast  to  cause  it  to  boil, 
and  the  difference  between  contact  and  non-contact  is  well 
exemplified  in  Faraday's  experiment :  for  when  the  intensely 
volatile  mixture  lay  on  the  red-hot  platinum  capsule  without 
boiling,  there  was  clearly  a  want  of  contact  between  the 
two  ;  but  when  the  mercury  was  thrown  into  this  mixture,  it 
became  immediately  frozen,  because  it  was  brought  into 
intimate  contact  with  the  cold  mixture. 

209.  We  have  seen  that  the  transition  from  the  solid  to 
the  liquid  state  is  gradual  in  the  case  of  many  substances, 
and  that  there  is  an  intermediate  condition  of  viscosity  in 
which  the  substance  partakes  of  the  character  of  both  states. 
The  experiments  of  Cagniard  de  la  Tour,  and  more  especially 
those  ojf  Andrews,  lead  us  to  believe  that  there  is  an  inter- 
mediate state  between  the  liquid  and  the  gaseous  conditions 
of  matter.  Thus,  Dr.  Andrews  finds  that  if  we  heat  liquid 
carbonic  acid  under  great  pressure  in  a  closed  tube,  when  we 
reach  the  temperature  of  31°  C.  or  thereabouts,  the  surface  of 
demarcation  between  the  liquid  and  the  gas  becomes  fainter 
and  fainter,  loses  its  curvature,  and  at  last  disappears. 

210.  SnbUmation. — Generally  speaking,  •  the  order  of 
things  is,  that,  when  the  temperature  is  increased,  the  solid 
passes  into  a  liquid,  and  finally  into  a  gas,  but  sometimes  the 
solid  passes  at  once  into  a  gas  without  assuming  the  inter- 
mediate state  of  liquidity.  This  is  called  sublimation,  and 
we  have  instances  of  it  in  arsenic  acid  and  solid  carbonic 
acid,  which  pass  at  once  into  the  gaseous  state.  Snow  also 
slowly  evaporates,  and  thus  assumes  the  gaseous  form  even 
at  temperatures  much  below  its  melting-point. 
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211.  Chancre  of  Composition  in  BTaporation  and  Con- 
densation.— Sometimes  if  we  heat  a  mixture  of  two  liquids, 
or  a  liquid  which  has  dissolved  a  quantity  of  gas,  the  more 
volatile  component  passes  off,  leaving  the  less  volatile  one 
behind.  Thus,  when  a  strong  solution  of  hydrochloric  acid 
in  water  is  heated,  the  permanent  gas  at  first  passes  off, 
leaving  a  weaker  solution  behind.  In  like  manner,  if  chalk 
be  heated,  the  carbonic  acid  goes  off  in  the  shape  of  gas, 
leaving  lime  behind. 

On  the  other  hand,  many  gases  which  are  permanent  by 
themselves  may  be  brought  into  the  liquid  state,  or  condensed, 
in  virtue  of  their  strong  affinity  for  certain  liquids.  Thus 
ammoniacal  gas  and  hydrochloric  acid  gas  have  a  great 
attraction  for  water,  and  if  a  jar  of  either  of  these  gases  be 
held  above  mercury,  and  a  few  drops  of  water  introduced, 
the  gas  almost  immediately  disappears,  being  absorbed  by 
the  water.  It  is  often  very  difficult  to  condense  gases  with- 
out making  use  of  a  solvent,  and  there  are  six  which  we 
have  only  quite  recently  been  able  to  condense  through 
the  joint  effect  of  cold  and  pressure  —  namely,  oxygen, 
hydrogen,  nitrogen,  nitric  oxide,  carbonic  oxide,  and 
marsh  gas. 

212.  Pressure  of  a  Vaponr  in  contact  with  its  own 
Idqnid. — We  have  seen  that  when  a  basin  of  liquid  is  allowed 
to  evaporate  under  a  receiver,  vapour  will  rise  from  it  until 
the  vapour  pressure  in  the  receiver  has  reached  a  certain 
point,  after  which  there  will  be  no  more  evaporation.  We 
have  also  seen  that  this  point  depends  in  the  first  place  uj)on 
the  nature  of  the  liquid,  and  in  the  second  place  upon  the 
temperature.  The  pressure  thus  attained  is,  in  fact,  the 
greatest  vapour  pressure  possible  for  this  particular  liquid 
and  temperature,  and  it  is  of  importance  to  know  for  different 
liquids  the  maximum  vapour  pressure  corresponding  to 
various  temperatures. 

This  information  has  been  obtained  by  Regnault.  We 
shall  not  attempt  to  describe  the  various  and  complicated 
apparatus  which  he  made  use  of ;  rather  let  us  state  the  most 
important  results  which  he  has  obtained. 
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The  following  is  an  abridgment  of  his  results  for  the 
vapour  of  water  : — 

Temperature        Maximum  pressure        Temperature        Maximum  pressure 
(centigrade).  in  millimetres  (centigrade).  in  millimetres 

of  mercury.  of  mercury. 

0°  4-600  65  186*945 

5         6-534       70        233-093 
10         9-165       75        288-517 

15  12-699  80  354*643 
20  17-391  85  433*041 
25      23-550     90      525*450 

30  31*548  95  633:778 

35  41-827    .  96  657-535 

40  54*906  97  682-029 

45  71*391  98  707*280 

50  91*982  99  733*305 

55  117*478  100  760-000 

60  148*791 

We  are  enabled  to  understand  from  this  table  how  we 
may  obtain  the  atmospheric  pressure  by  observations  of  the 
boiling-point  thermometer.  In  the  first  place,  it  is  necessary 
to  bear  in  mind  that  in  such  instruments  (Art.  168)  the  ther- 
mometer is  not  plunged  into  the  water  itself,  but  only  into 
the  vapour  issuing  from  it ;  and  in  the  next  place,  we  must 
remember  that  when  water  boils  (Art.  204)  its  vapour  has  the 
very  same  pressure  as  the  atmosphere.  Hence  the  rule  is 
obvious.  Look  out  in  a  table  similar  to  the  above  the  pres- 
sure corresponding  to  the  reading  of  the  boiling-point  ther- 
mometer, and  this  will  denote 'the  atmospheric  pressure. 

Regnault  has  also  ascertained  the  maximum  pressures  for 
various  temperatures  of  other  liquids  besides  water. 

213.  Density  of  Gases  and  Vaponrs. — By  means  of  Boyle's 
law  we  can  ascertain  how  the  density  of  a  gas  varies  with  its 
pressure,  and,  by  means  of  Charles'  law,  how  its  density 
varies  with  its  temperature.  But  in  order  to  complete  our 
knowledge  of  the  subject  we  ought  to  know  the  density  of 
various  gases  at  a  given  temperature  and  pressure,  say  at  the 
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temperature  of  o°  C.  and  the  pressure  of  760  millimetres  of 
the  mercurial  column  reduced  to  0°  C. 

Gay-Lussac  was  the  first  to  discern  that  a  connexion 
subsists  between  the  density  of  gases  and  their  combining 
chemical  equivalents,  and  that  when  two  gases  combine 
together  the  volumes  in  which  they  combine  bear  a  ver)' 
simple  relation  to  one  another. 

Thus,  for  instance,  equal  volumes  of  chlorine  and  hydrogen 
combine  together  without  change  of  volume  to  form  hydro- 
chloric  acid  gas,  which  contains  one  atom  of  chlorine  united 
to  one  of  hydrogen.  Equal  volumes  (at  760  millimetres  and 
0°  C.)  contain,  therefore,  an  equal  number  of  atoms  of  these 
two  gases. 

Regnault  has  given  us  the  following  exact  determinations 
of  the  weights  of  a  litre  of  the  most  important  gases  : — 

Weight  at  o°  C,  and  under 

the  pressure  of  760  milli- 

Name  of  Gas.  Density.  metres  of  mercury  reduced 

to  0°  C.  at  the  latitude  of 
Paris. 

Air I -0000  I  "293187  grammes. 

Oxygen      .     .     .     .  1*1057  1*429802        „ 

Hydrogen  ....  0*0693  0*089578        „ 

Nitrogen    ....  0*9714  1*256167        „ 

Carbonic  acid    .     .  1*5291  1*977414         „ 

214>.  Recapitulation. — In  what  has  gone  before  we  have 
considered  the  effect  of  heat  upon  the  volume  and  condition 
of  bodies.  We  have  seen  that  in  general  when  the  tempera- 
ture of  a  solid  rises  it  expands  in  volume,  the  rate  of  expansion 
being  greater  at  a  high  temperature  than  at  a  low  one.  If 
sufficient  heat  be  applied  the  body  will  pass  from  the  solid  to 
the  liquid  state,  the  change  being  in  some  cases  very  abrupt, 
but  in  other  cases  very  gradual.  In  very  many  cases  there 
will  be  an  increase  of  volume  accompanying  this  change  of 
condition,  but  in  some  bodies  there  is,  on  the  other  hand,  a 
contraction,  ice  being  a  notable  instance  of  this  latter  class. 
When  the  liquid  state  has  been  completely  assumed,  the 
liquid  generally  increases  in  volume  with  any  further  increase 
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of  temperature,  and  at  a  greater  rate  than  in  solids,  while 
the  rate  of  increase  is  also  greater  at  a  high  than  at  a  1o\y 
temperature.  If  the  process  of  heating  be  still  continued 
the  liquid  will  pass  into  the  gaseous  form,  and  a  very  con- 
siderable expansion  will  take  place.  Finally,  after  the  liquid 
has  been  completely  converted  into  gas,  any  further  increase 
of  temperature  will  augment  the  volume  of  this  gas,  the  rate 
of  increase  being  in  general  greater  than  in  liquids  or  solids. 

215.  Effects  of  Heat  upon  other  Properties  of  Matter. — 
In  addition  to  those  effects  already  mentioned  there  are  many 
other  ways  in  which  this  agent  influences  bodies.  Thus  we 
have —  .    _ 

(i)  The  effect  of  Heat  upon  Refraction  and  Dispersion. 
Both  of  these  diminish  as  the  temperature  increases. 

(2)  The  effect  of  Heat  upon  the  Electrical  properties  of 
bodies.  This  will  be  considered  when  we  treat  of  Elec- 
tricity. 

(3)  The  effect  of  Heat  upon  Magnetism.  This  will  be 
afterwards  discussed  when  we  treat  of  Magnetism. 

Besides  these  there  are  other  important  effects.  Thus,  in 
most  instances  an  increase  of  temperature  promotes  chemical 
combination,  and  when  we  speak  of  setting  fire  to  a  com- 
bustible substance,  it  is  only  another  way  of  expressing  the 
fact  that  a  high  temperature  promotes  combination.  Occa- 
sionally, however,  heat  promotes  decomposition,  especially 
when  one  of  the  products  of  this  decomposition  is  a  gaseous 
body.  Thus  if  limestone  be  heated  lime  will  be  left  behind, 
and  carbonic  acid  will  be  given  off. 

Again,  the  various  phenomena  of  capillarity,  such  as  capil- 
lary ascent  and  curvature,  are  affected  by  heat,  becoming 
less  marked  when  the  temperature  is  high.  Extensibility, 
tenacity,  and  the  various  properties  of  solids  are  likewise 
affected  by  heat,  and  the  compressibility  of  fluids  is  altered 
from  the  same  cause.  In  fine,  there  is  hardly  a  property  of 
matter  unaffected  by  this  species  of  molecular  motion. 
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Lesson  XXIV.— Conduction  and  Convection. 

ftl6.  In  the  preceding  pages  we  have  described  some  of 
the  most  important  effects  of  heat.  Let  us  now  consider  the 
laws  which  regulate  the  distribution  of  heat  through  space. 

In  the  first  place,  heat  from  a  hot  body,  such  as  the  sun  or 
a  star,  proceeds  outwards  into  a  medium  pervading  all  space, 
in  which  it  is  propagated  with  very  great  velocity  (Art.  106). 
It  continues  to  proceed  in  the  form  of  radiant  heat  until  it 
reaches  some  body,  such  as  our  earth,  by  which  it  is  absorbed, 
and  it  is  in  virtue  of  this  process  that  we  derive  our  heat  from 
the  sun.  However,  for  the  sake  of  convenience,  we  have 
agreed  to  regard  radiant  energy  as  a  species  of  energy  by 
itself,  and  we  shall  not  therefore  at  present  discuss  the  laws 
of  radiant  heat. 

ftl7.  Conduction  foims  another  well-known  mode  by  which 
heat  is  distributed.  If  one  end  of  a  metal  bar  be  thrust  into 
the  fire,  and  allowed  to  remain  in  it  for  some  time,  the  other 
end  will  gradually  become  hot,  until  at  length  we  shall  be 
unable  to  touch  it.  The  process  by  which  heat  is  conveyed 
to  the  end  of  the  metal  rod  is  very  different  from  radiation, 
for  it  is  conveyed  very  slowly  from  particle  to  particle  of  the 
rod,  until  at  length  it  affects  that  extremity  which  is  farthest 
from  the  fire.  But  if  instead  of  a  metal  rod  we  heat  a  glass 
or  stoneware  rod  in  the  fire,  the  frirther  extremity  of  this  rod 
will  never  get  very  hot,  because  the  substance  of  which  it  is 
formed  does  not  conduct  heat  so  well  as  a  metal. 

Organic  fabrics,  such  as  wool  or  feathers,  form  a  still  worse 
class  of  conductors  ;  and  this  is  the  reason  why  those  sub- 
stances have  been  provided  by  nature  as  the  clothing  'of 
animals,  for  the  temperature  of  an  animal  is  generally  higher 
than  that  of  the  surrounding  substances,  and  the  heat  is  not 
readily  conducted  outwards  through  the  garment  of  wool, 
feathers,  orfrir  with  which  the  animal  is  clad. 

Liquids  and  gases  are  very  bad  conductors,  but  heat  is 
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distributed  in  them  after  a  different  manner,  which  we  call 
ConTection. 

A  bad  conductor  may  be  used,  not  only  to  keep  in  heat, 
but  also  to  keep  it  out  ;  for  it  may  either  be  used  to  prevent 
the  heat  of  the  body  being  conducted  outwards  to  those 
colder  substances  with  which  we  are  brought  in  contact,  or 
if  we  wrap  flannel  round  a  block  of  ice  it  will,  in  virtue  of  its 
bad  conducting  power,  prevent  the  heat  from  reaching  the 
ice,  and  preserve  it  much  better  than  another  covering  which 
might  be  a  better  conductor. 

We  thus  see  how  the  very  same  substance  which  is  best 
fitted  to  preserve  the  heat  in  our  bodies  is  best  calulated  to 


Fig.  6i. 

preserve  the  cold  in  a  block  of  ice,  a  purpose  for  which  it  is 
generally  used. 

ftl8.  Conduction  in  Solids. — The  following  experiment 
will  enable  us  to  recognise  the  difference  between  two  bodies 
in  their  conducting  power. 

Let  two  bars,  one  of  copper  and  one  of  iron,  be  fixed  as  in 
Fig.  6i,  and  let  a  spirit-lamp  heat  the  extremities  of  both. 
The  bars  will  continue  at  first  to  grow  hotter  and  hotter,  but 
at  length  they  will  settle  down  into  a  permanent  or  stable 
state  with  respect  to  temperature,  which  they  will  continue  to 
retain  as  long  as  the  lamp  continues  to  burn,  those  parts  of 
either  bar  near  the  lamp  being  hotter  than  those  further 
away.     Nevertheless  the  copper  bar  will  be  hotter  than  the 
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iron  one  at  the  same  distance  from  the  lamp,  so  that  a  piece 
of  phosphorus  will  take  fire  on  the  copper  bar  at  a  further 
distance  from  the  lamp  than  on  the  iron  one. 

Let  us  here  pause  for  a  moment  to  consider  why  it  is  that 
when  a  metal  bar  has  one  of  its  extremities  heated  in  the  fire 
or  in  a  lamp,  the  other  extremity  does  not  ultimately  attain 
the  same  temperature.  It  would  do  so  if  the  heat  which  flows 
along  the  bar  were  not  carried  off  from  its  surface,  but  this 
hot  surface  radiates  into  space,  and  parts  also  with  some  of  its 
heat  to  the  surrounding  air,  and  the  consequence  of  this  loss 
is  a  gradual  diminution  of  temperature  as  we  proceed  along 
the  bar  from  the  end  which  is  in  the  fire  to  the  other  extremity. 

219.  Conductivity. — It  is  necessary  not  only  to  have  a 
clear  conception  of  the  conducting  power  of  bodies,  but  to 
be  able  to  express  this  numerically. 

This  was  first  done  by  Fourier,  who  adopted  the  following 
definition. 

Suppose,  in  the  first  place,  that  we  have  a  wall  one  m^tre 
in  thickness,  and  that  we  wish  to  ascertain  the  conductivity 
of  this  wall.  In  order  to  do  so,  let  us  imagine  that  the  one 
side  of  the  wall  is  kept  constantly  at  a  given  temperature, 
while  the  other  side  is  one  degree  centigrade  hotter,  and 
let  us  likewise  suppose  that  the  wall  has  settled  down  into 
a  permanent  state  as  regards  temperature.  A  quantity  of  heat 
will,  of  course,  continue  to  pass  across  this  wall  from  the 
hotter  to  the  colder  side.  Now  let  us  adopt  as  our  heat-unit 
the  quantity  necessary  to  raise  one  kilogramme  of  water  from 
o°  G.  to  1°  C.  in  temperature.  Then  by  the  conductivity  of 
the  wall  we  mean  the  number  of  kilogrammes  and  fractions 
of  a  kilogramme  of  ice-cold  water  which  will  be  raised  one 
degree  in  temperature  by  the  heat  which  flows  in  one  minute 
across  a  square  mUre  of  this  wall,  its  thickness  being  one 
mhtrey  and  the  difference  itt  temperature  between  its  two 
sides  1°  centigrade. 

MM.  Wiedemann  and  Franz  have  ascertained  the  relative 
conductivity  of  the  different  metals,  that  of  silver  being 
reckoned  equal  to  loo.  They  have  obtained  the  following 
results : — 
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Relative  thermal 
conductivity  obtained 
Metals.  from,  experiments 

in  vacuo. 

Silver loo'o 

Copper  . 74*8 

Gold 54*8 

Brass 24*0 

Tin 15-4 

Iron loi 

Steel 10*3 

Lead 7*9 

Platinum 9*4 

Palladium 7*3 

Bismuth  (in  air) i*8 

It  has  likewise  been  ascertained  by  Forbes  that  the  con- 
ductivity of  iron  diminishes  as  the  temperature  increases,  the 
rate  of  diminution  being  different  in  different  bars. 

aso.  It  will  be  seen  that  in  the  definition  of  Conductivity 
we  take  account  of  the  quantity  of  heat  that  flows  across  the 
substance. 

Suppose  now  that  in  the  experiment  of  Fig.  61  we  have 
two  bars  of  the  same  shape  and  size,  and  also  of  the  same 
conductivity,  the  ends  of  which  we  heat  by  a  spirit-lamp 
to  the  same  extent  ;  finally  let  the  surfaces  of  both  bars 
be  either  g^lt  or  covered  with  a  film  of  the  same  substance. 
Now,  if  we  allow  the  lamp  to  bum  until  the  various  parts 
of  both  the  bars  have  settled  down  into  a  permanent  tem- 
perature, we  shall  no  doubt  find  that  both  bars  are  equally 
hot  at  equal  distances  from  the  lamp.  But  if  we  had  ex- 
amined them  both  at  the  end  of  a  short  time  after  applying 
the  lamp,  it  does  not  follow  that  the  temperature  of  the  two 
would  have  been  the  same  at  the  same  distance  from  the 
source  of  heat. 

In  the  one  case  the  bars  have  attained  a  permanent  state 
as  regards  temperature,  and  the  heat  which  flows  along  them 
is  not  spent  in  increasing  the  temperature  of  the  particles, 
but  in  making  up  for  that  which  is  carried  away  from  the 
surface  of  the  bars.      Now  as  both  bars  have  the  same  sur- 
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face  and  the  same  conductivity,  there  is  no  reason  why  ulti- 
mately the  distribution  of  temperature  should  not  be  the  same 
in  both. 

But  in  the  other  case,  when  the  bars  are  examined  shortly 
after  applying  the  lamp,  the  state  of  things  is  very  different, 
for  a  great  part  of  the  heat  is  consumed  in  increasing  the 
temperature  of  the  particles  of  the  bar  :  now  it  may  take 
much  more  heat  to  raise  the  one  bar  one  degree  in  tempera- 
ture than  it  takes  to  raise  the  other  to  the  same  extent. 

Hence  if  we  take  two  precisely  similar  pieces,  one  of  bis- 
muth and  the  other  of  iron,  and,  coating  one  end  of  each 
with  white  wax,  place  the  other  end  on  a  hot  vessel,  we  shall 
find  that  the  wax  will  first  melt  on  the  bismuth,  although 
iron  is  the  best  conductor.  The  reason  is,  that  it  requires 
more  heat  to  raise  iron  one  degree  in  temperature  than  it 
does  to  raise  bismuth. 

221.  Safety  laamp. — One  of  the  most  important  applica- 
tions of  the  laws  of  conduction,  is  the  safety  lamp  devised  by 
Sir  H.  Davy  for  the  use  of  miners. 

Often  in  coal  mines  the  atmosphere  is  sq  impregnated  with 
combustible  gas  that  a  naked  flame  would  cause  instant  ex- 
plosion. It  is  then  that  the  safety  lamp  will  afford  the  miner 
sufficient  light  for  his  operations  without  the  danger  of  an 
explosion.  Its  action  depends  on  the  withdrawal  of  heat  by 
a  wire  gauze. 

If  we  lower  a  surface  of  wire  gauze  into  an  ordinary  gas 
flame  it  will  crush  the  flame  before  it,  so  that  there  will  be 
none  above  the  gauze.  If  we  now  extinguish  the  flame, 
retaining  the  wire  gauze  in  its  position,  we  may  relight  it 
above  the  gauze,  in  which  case  there  will  be  no  flame  below. 
Thus  even  although  a  combustible  combination  of  gases 
exists  on  both  sides  of  the  gauze,  the  flame  cannot  penetrate 
through  the  gauze,  but  remains  always  on  one  side  of  it,  the 
reason  being  that  the  mass  of  metal  so  cools  the  flame  that 
combustion  cannot  spread. 

The  safety  lamp  is  therefore  an  ordinary  lamp  surrounded 
by  wire  gauze,  so  that  even  if  the  explosive  atmosphere 
enters  the  lamp  and  comes  in   contact  with  the  flame,  the 
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heat  cannot  penetrate  to  the  outside  of  the  wire  gauze  suffi- 
ciently to  communicate  the  explosion  to  the  outer  air.  It 
has  recently  been  shown  by  Mr.  Galloway  that  the  concus- 
sion caused  by  a  strong  sound,  such^  for  instance,  as  the 
noise  of  blasting  operations,  causes  a  disturbance  of  air 
which  interferes  with  the  action  of  the  safety  lamp. 

222.  CondnctiTity  of  Crystals. — It  has  been  shown  by 
De  Senarmont  that  crystals  have  different  conducting  powers 
in  different  directions.  He  cut  thin  slices  in  various  direc- 
tions out  of  crystals,  and,  piercing  a  small  hole  at  the  centre 


Fig.  62. 


of  these  slices,  he  passed  a  metallic  wire  through  them, 
along  which  an  electric  current  was  made  to  pass  ;  the  wire 
was  thus  rendered  very  hot,  and  the  heat  spread  on  all  sides 
along  the  crystal.  Having  coated  the  cr)  stal  with  wax,  the 
result  was  a  general  melting  of  the  wax  all  round  the  wire. 
Had  the  conductivity  been  equal  on  all  sides  the  area  melted 
would  naturally  have  been  a  circle,  but  Senarmont  generally 
found  it  to  be  an  ellipse,  and  from  this  he  argued  that  crystals 
conduct  unequally  in  different  directions. 

223.     Conductivity  of  Idquids  and  Gases. — Both  of  these 
classes  of  bodies  are  very  bad  conductors  of  heat.     The  low 
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conducting  power  of  water  may  be  seen  from  the  following 
experiment : — 

Place  in  a  vessel  of  water  (Fig.  62)  a  differential  ther- 
mometer, so  constructed  as  to  have  one  bulb  near  the  surface 
and  one  near  the  bottom.  Next  float  on  the  surface  of  the 
water  a  vessel  containing  boiling  oil,  and  it  will  be  a  long  time 
before  the  differential  thermometer  is  affected  by  the  source 
of  heat. 

Professor  Guthrie  made  a  series  of  experiments  on  the 
specific  thermal  resistance  of  films  of  liquid  all  of  the  thick- 
ness of  one  millimetre,  and  obtained  the  following  results  : — 

c  u  .^  Specific  thermal 

Substance.  ^resistance. 

Water •    •     •  ^'° 

Glycerine 3*84 

Acetic  acid 8*38 

Sperm  oil 8*85 

Alcohol 9-09 

Nitro-benzol 9*86 

Butylic  alcohol lo'oo 

Amy  lie  alcohol 10*23 

Oil  of  turpentine 1175 

Chloroform i2'io 

Bichloride  of  carbon 12*92 

Mercury  amyl 12*92 

Iodide  of  amyl 13*27 

224.  Convection. — In  the  experiment  described  in  last 
Article  it  is  necessary  to  apply  the  source  of  heat  to  the 
surface  of  the  water,  and  the  reason  of  this  is  very  obvious  ; 
for  when  the  heat  is  applied  to  the  surface,  the  heated  par- 
ticles, being  rendered  lighter,  remain  where  they  are,  and  the 
heat  can  only  reach  the  differential  thermometer  by  means  of 
conduction.  But  if  the  heat  be  applied  to  the  bottom  of  the 
liquid  the  heated  particles  will  ascend,  and  their  place  will 
be  taken  by  colder  particles  carried  down  from  above,  and 
the  process  will  continue  until  the  whole  liquid  is  heated. 
This  process,  by  which  heat  is  conveyed  to  the  various 
particles  of  a  liquid,  is  termed  Convection. 
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By  introducing  a  little  colouring  matter,  the  direction  of 
the  fluid  currents  may  be  rendered  visible. 

Thus  (Fig.  63)  if  we  heat  a  vessel  containing  water,  and 
drop  into  it  a  few  fragments  of  cochineal,  we  shall  find  that 
the  ascending  currents  go  up  by  the  centre,  while  the  de- 
scending ones  come  down  by  the  sides,  their  course  being 
denoted  by  the  arrow-heads  in  the  figure. 


Fig.  63. 


ftS5.  Freesingr  of  a  laake. — In  nature  we  have  several 
illustrations  of  convection  on  the  large  scale.  Let  us  begin 
with  the  case  of  a  lake  which  is  cooled  at  its  surface. 

The  particles  so  cooled  become  specifically  heavier  and 
descend,  and  are  replaced  by  lighter  particles  from  beneath, 
so  that  in  a  short  time  the  whole  body  of  water  has  been 
subjected  to  the  cooling  agency.  This  process  will  go  on 
until  the  temperature  of  4°  C.  has  been  reached,  which  is  the 
point  of  maximum  density  of  water. 

After  this  the  process  of  convection  goes  on  no  longer, 
and  if  the  surface  particles  be  further  cooled  they  become 
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lighter,  not  heavier;  they  do  not,  therefore,  descend,  but 
remain  at  the  top. 

Had  water  contracted  down  to  o°,  and  had  ice  been 
heavier  than  water,  the  ice  would  have  fallen  down  to  the 
bottom  as  it  was  formed,  and  the  whole  lake  would  soon 
have  become  one  mass  of  ice.  It  would  in  such  a  case 
probably  have  remained  frozen  all  the  year  round. 

But  as  it  is,  the  body  of  the  water  of  the  lake  never 
attains  a  lower  temperature  than  the  point  of  maximum 
density,  a  temperature  which  is  not  destructive  to  life  ;  while 
the  coating  of  ice  is  confined  to  the  surface,  and  becomes 
thickened  only  by  the  slow  process  of  conduction. 

ftS6.  ConTection  Currents  in  the  Son. — It  may  here  be 
remarked  that  convection  depends  on  two  things.  First  of 
all  we  must  have  the  force  of  gravity — an  up  and  down,  for 
it  is  in  consequence  of  this  force  that  a  body  specifically 
lighter  ascends,  and  were  there  no  gravity  there  would  be 
no  convection.  In  the  next  place,  the  body  must  expand 
through  heat,  for  if  it  hardly  expands  at  all  convection  will 
be  very  feeble,  and  on  this  account  the  convection  of  mercury 
is  much  less  than  that  of  water. 

Let  us  illustrate  this  with  reference  to  the  atmosphere  of 
our  luminary,  where  we  have  every  reason  to  suppose  there 
must  be  very  strong  convection  currents. 

In  the  first  place,  there  are  naturally  great  changes  of 
temperature  occurring  in  those  regions  ;  secondly,  gas  is 
a  substance  which  expands  greatly  through  heat  ;  and 
thirdly,  the  force  of  gravity  is  there  very  great.  We  are 
therefore  led  to  expect  in  the  atmosphere  of  our  luminary 
storms  of  terrific  violence  ;  and  we  find  that  such  is  really 
the  case,  for  Lockyer  has  observed  in  the  sun  storms  which 
were  travelling  at  the  rate  of  more  than  one  hundred  miles 
in  a  second. 

227.  Trade  VTinds,  Ac. — In  our  own  earth  we  have 
notable  examples  of  convection  currents,  for  we  have  the 
vertical  sun  shining  full  upon  the  equatorial  regions  of  the 
earth,  in  consequence  of  which  there  is  a  rising  of  the  rare- 
fied air,  and  a  mounting  of  it  into  the  upper  regions  of  the 
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atmosphere.  The  place  of  the  ascending  air  is  supplied  by 
colder  air  from  the  poles  on  both  sides,  so  that  we  have  an 
under-current  sweeping  from  the  poles  to  the  equator,  and 
an  upper  current  of  heated  air  travelling  above  from  the 
equator  to  the  poles.  The  under-currents  form  the  trade 
i^nds,  the  upper-currents  the  anti-trades. 

Now,  owing  to  the  rotation  of  the  earth  from  West  to 
East,  the  under-current  coming  from  the  North  Pole,  or 
region  of  less  rotation,  into  the  equatorial  regions,  or  those 
of  greater  rotation,  will  have,  .from  the  first  law  of  motion, 
a  tendency  to  lag  behind  or  to  fall  to  the  west  at  the  same 
time  that  it  advances  southward  ;  the  under-current  from  the 
north  will  thus  become  in  reality  a  north-east  wind.  In 
like  manner  the  under-current  in  the  southern  hemisphere 
will  be  a  south-east  wind.  The  reverse  will  take  place  with 
the  upper-currents  or  anti-trades^  for  these  will  travel  from 
a  region  of  greater  to  one  of  less  rotation ;  they  will  therefore 
be  pushed  forward  in  the  direction  in  which  the  earth  rotates. 

Hence  the  return  trade  which  goes  north  will  also  go  east, 
that  is  to  say,  it  will  be  a  south-west  wind  ;  and  the  return 
trade  going  south  will  also  go  east,  that  is  to  say,  it  will  be 
a  north-east  wind.  We  have  thus  in  the  northern  hemi- 
sphere the  trades  blowing  from  the  north-east,  and  the  return 
trades  blowing  from  the  south-west  ;  while  in  the  southern 
hemisphere  we  have  the  trades  blowing  from  the  south-east, 
and  the  return  trades  blowing  from  the  north-west. 

The  land  and  sea  breezes  are  probably  due  to  similar 
causes.  During  day  the  land  gets  much  more  heated  than 
the  sea,  and  hence  there  will  be  an  upper-current  from  land 
to  sea,  and  an  under-current  from  sea  to  land,  the  latter 
constituting  the  sea  breese.  After  sunset,  however,  the  land 
cools  more  rapidly  than  the  sea,  and  we  then  have  an  under- 
current from  land  to  sea,  constituting  the  land  breeze.  y 

Lesson  XXV.— Specific  and  Latent  Heat. 

228.  In  discussing  the  laws  which  regulate  the  distribu- 
tion of  heat,  a  very  important   element  is  the  quantity  of 
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heat  which  a  body  absorbs  when  its  temperature  is  raised, 
and  also  the  quantity  which  is  absorbed  when  a  body 
changes  its  state. 

The  quantity  of  heat  necessary  to  raise  a  body  one  degree 
in  temperature  is  called  its  specific  beat.  Thus  we  define 
the  specific  heat  of  any  substance  to  mean  the  quantity  of 
heat  necessary  to  raise  one  kilogramme  of  the  substance 
1°  C,  the  unit  being  the  amount  of  heat  necessary  to  raise 
one  kilogramme  of  ice-cold  water  i°  C. 

Suppose,  for  instance,  that  a  kilogramme  of  any  substance 
required  as  much  heat  to  raise  it  from  ioo°  C.  to  ioi°  C.  as 
would  raise  ^  of  a  kilogramme  of  ice-cold  water  one 
degree,  then  we  should  say  that  the  specific  heat  of  the 
substance  in  question  at  the  temperature  of  ioo°  was  0*4. 

229.  One  of  the  simplest  methods  of  measuring  specific 
heat  is  the  method  by  mixture,  which  is  best  undei  stood  by 
a  numerical  example. 

Suppose,  for  instance,  that  3  kilogrammes  of  mercury  at 
100°  C.  have  been  mixed  with  one  kilogramme  of  ice-cold 
water,  and  that  the  temperature  of  the  mixture  is  9°  C.  ;  find 
the  specific  heat  of  the  mercury. 

Let  X  denote  the  unknown  specific  heat.  Then,  since  the 
mercury  has  been  reduced  from  100°  to  9°,  we  have  thus  a 
loss  of  91°  in  3  kilogrammes  of  mercury,  which  will  be  re- 
presented by  3;ir  X  91.  Also,  the  gain  of  heat  by  the  water 
will  be  I  X  9  (the  specific  heat  of  water  being  unity).  Now, 
as  the  operation  is  supposed  to  be  conducted  so  as  not  to 
lose  any  heat,  it  is  evident  that  the  loss  of  heat  by  the 
mercur)'  will  be  equal  to  the  gain  by  the  water,  and  hence 

3^X    9i==9.*.  jr=    ^~  '033  nearly,  from  which  we  see 

273 
that  the  specific  heat  of  mercury  is  only  ^  of  that  of  water. 

Other  methods  of  estimating  specific  heat  have  been 
devised.  In  one  of  these  we  reckon  the  quantity  of  melting 
ice  converted  into  water  in  consequence  of  the  hot  substance 
parting  with  its  heat.  Another  is  the  method  by  cooling,  for 
when  two  substances  are  exposed  to  the  same  cooling  in- 
fluence it  is  clear  that  the  one  with  the  smallest  specific  heat 
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will  cool  fastest,  so  that  the  velocity  of  cooling  Svill  afford  a 
means  of  estimating  the  specific  heat. 

fl30.  Specific  Heat  of  Solids. — Dulong  and  Petit  were 
the  first  to  prove  that  the  specific  heat  of  solids  is  greater  at 
a  high  than  at  a  low  temperature.  They  obtained  the  follow- 
ing results : — 


Substance. 

Between  aP  and  100*'  C. 

IIIC   licit  L 

Between  0°  ai 

Iron     .     . 

.      .      0-1098 

0*I2l8 

Mercury  . 

.      .      0-0330 

00350 

Zinc     .     . 

.      .      0*0927 

0*1015 

Antimony 

.      .      0*0507 

00549 

Silver 

.      .      0-0557 

0*0611 

Copper    . 

.      .      0-0949 

O-IOI3 

Platinum . 

.     .    0-0355 

00355 

Glass  .    . 

.   .   0-1770 

0-1990 

From  this  table  we  see  that  the  specific  heat  of  platinum 
remains  constant,  while  that  of  the  other  substance  increases 
with  the  temperature.  This  is  not  however  strictly  true,  for 
M.  Pouillet  has  found  by  another  process  that  the  specific 
heat  of  this  metal  increases  also  with  the  temperature, 
although  very  slowly. 

Dr.  H.  F.  Weber  likewise  has  recently  made  a  series  of 
remarkable  experiments,  which  enables  him  to  say  that  the 
specific  heat  of  carbon,  boron,  and  silicon  rise  very  rapidly 
as  the  temperature  increases. 

Again,  the  specific  heat  of  solids  depends  upon  the 
aggregation  of  their  particles  ;  and  in  general,  whatever 
aug^ments  the  density  diminishes  the  specific  heat,  and 
whatever  diminishes  the  density  augments  the  specific  heat  ; 
so  that  it  is  perhaps  owing  in  part  at  least  to  expansion  that 
the  specific  heat  of  a  substance  increases  with  its  temperature. 

231.  Specific  Heat  of  Uqnids. — Irvine  was  the  first  to 
remark  that  the  specific  heat  of  a  substance  when  liquid  is 
generally  greater  than  when  solid.  Thus  ice  has  only  one- 
half  of  the  specific  heat  of  water. 

Again,  Regnault  has  found  that  the  specific  heat  of  water 
increases  with  its  temperature  ;  thus  the  mean  specific  heat 
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of  water  between  o°  and  230°  C.  is  i  '0204,  that  of  ice-cold 
water  being  reckoned  equal  to  unity. 

Water  is  generally  supposed  to  have  a  higher  specific 
heat  than  any  other  liquid,  but  Messrs.  Duprd  and  Page 
have  shown  that  a  mixture  of  water  with  20  per  cent  of 
alcohol  has  a  specific  heat  sensibly  higher  than  that  of 
pure  water. 

232.  Specific  Heat  of  Gases. — Since  in  the  operation  of 
determining  specific  heat  the  temperature  is  supposed  to 
change,  we  shall  have  two  sets  of  determinations  with  regard 
to  gases  ;  for  in  the  first  place  we  may  wish  to  know  their 
specific  heat  under  constant  pressure,  and  in  the  next  place 
we  may  wish  to  know  it  under  constant  volume. 

Regnault,  by  means  of  a  set  of  very  laborious  experi- 
ments, has  made  the  former  determination,  and  has  obtained 
the  following  results — 

1.  The  specific  heat  of  a  given  weight  of  a  perfect  gas 
does  not  vary  with  the  temperature  or  with  the  density  of 
the  gas. 

2.  The  specific  heats  of  equal  volumes  of  the  simple  and 
not  easily  condensed  gases  are  equal,  but  this  equality  does 
not  hold  for  gases  easily  condensed. 

Thus,  according  to  Regnault,  the  specific  heats  of  equal 
.  volumes  of  the  three  simple  and  incondensible  gases  are  as 
follows  : — 

Oxygen  ....    0*2405 

Hydrogen    .     .     .     0*2359 

Nitrogen     .    .     .    0*2368 
giving  a  result  sensibly  the  same  for  each  gas. 

The  specific  heat  of  a  gas  for  constant  volume  is  less  than 
that  for  constant  pressure,  because  when  a  gas  expands 
through  increase  of  temperature  not  only  is  the  molecular 
motion  increased,  but  work  is  done  in  expanding  the  gas 
against  the  pressure  which  confines  it.  More  heat  is  there- 
fore required  to  perform  these  two  operations  than  that 
necessary  to  perform  the  one  operation  when  the  volume 
is  constant.  The  specific  heat  of  air  for  constant  volume 
is  0*167. 
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£33.    Influence    of    Condition    on  Speclflc    Heat. — The 

specific  heat  of  substances  seems  to  be  greater  in  the  liquid 
condition  than  in  the  solid  or  the  gaseous.  This  is  exhibited 
in  the  following  table  :— - 

Specific  Heat. 


Substance. 

Solid. 

Liquid. 

Gaseous. 

Water    . 

.      .      .       0*5040 

1*0000 

0*4805 

Bromine 

.      .      .       0-0833 

o*io6o 

0*0555 

Tin    .     . 

.      .      .       0*0562 

0*0637 

Iodine    . 

.      .      .       0*0541 

0*1082 

— 

Lead      . 

.      .      .       0*0314 

0*0402 

— 

Bisulphide 

of  carbon    — 

0*2352 

0*1569 

Ether     . 

.     .     .        — 

0*5290 

0*4797 

234>.  Atomic  Heat  of  Bodies. — Dulong  and  Petit  were 
the  first  to  find  that  for  a  large  series  of  simple  substances  the 
specific  heat  of  equal  weights  is  inversely  proportional  to  the 
atomic  weight. 

If  we  choose  to  imagine  the  atomic  weights  to  denote  the 
relative  weights  of  the  atoms  of  the  various  elements,  this 
law  may  be  expressed  by  saying  that  the  same  aniount  of 
heat  will  produce  the  same  rise  of  temperature  in  all  element- 
ary atoms. 

The  following  results  have  been  obtained  by  Regnault, 
who  made  a  series  of  experiments  with  the  view  of  testing 
this  conclusion : — 


Blements. 

Specific  heat, 

Atomic 

Product  of  specific 

heat  into 

atomic  weight. 

equal  weights. 

weight. 

Sulphur    .     . 

.      0*1776     . 

32 

56832 

Magnesium 

.      02499 

24 

5*9976 

Zinc      .     .     . 

.      0*0955 

65 

6*2075 

Aluminium 

.      0*2143 

27*5 

5-8932 

Iron      .     . 

.      0-1138 

56 

6-3728 

Nickel  .    . 

.      0*1091 

58*5 

6-3823 

Cobalt  .     . 

.      0*1070 

58*5 

6*2595 

Manganese 

.      .      0*1140 

55 

6*2700 

Tin  .    .    . 

.      .      00562 

118 

6*6316 

Tungsten  . 

.      .      0*0334 

184 

6*1456 
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Elements. 

Copper 

Lead    . 

Mercury 

Platinum 

Iodine 

Bromine 

Potassium 

Sodium 

Arsenic 

Antimony 

Bismuth 

Silver  . 

Gold     . 


(solid) 


(solid) 


Specific  heat, 
equsd  weights. 

.   0-0951 

00314 
0-0319 

0-0324 
0*0541 
0-8043 
0-1696 
0-2934 
00814 
0*0508 
00308 
0-0570 
0-0324 


Atomic 
weight. 

635 
207 
200 

197 

127 
80 

39 

23 

75 
122 
210 
108  ' 
196 


Product  of  specific 
heat  into 
atomic  weight. 

6-0389 

64998 

6-3800 

63828 

6*8707 

6*7440 

6*6144 

6-7482 

6-1050 

6*1976 

6-4680 

6*1560 

6-3504 


It  was  thought  at  one  time  that  carbon,  boron,  and  silicon 
formed  exceptions  to  the  above  list,  until  it  was  ascertained 
by  Dr.  H.  F.  Weber  (Art.  230),  that  they  do  not,  when  the 
determination  is  made  at  a  sufficiently  high  temperature. 

235.  lAtent  Heat. — We  have  seen  that  different  sub- 
stances require  different  quantities  of  heat  in  order  to  raise 
the  same  mass  of  each  one  degree  in  temperature. 

But  besides  this  a  large  quantity  of  heat  is  absorbed  or 
rendered  latent  when  bodies  pass  from  the  solid  into  the 
liquid,  or  from  the  liquid  into  the  gaseous  state.  Thus  we  may 
very  properly  say  that  water  at  0°  is  equal  to  ice  at  0°  plus 
latent  heat  of  liquefaction,  or  that  steam  at  100°  is  equal  to 
water  at  100°  plus  latent  heat  of  vaporization. 

It  cannot  fail  to  have  been  often  observed  that  a  great 
quantity  of  heat  must  be  applied  to  boiling  water  in  order 
to  bring  it  into  steam,  and  that  after  all  the  steam  is  no 
hotter  than  the  water.  Nevertheless  it  was  reserved  for 
Black  to  put  upon  a  scientific  basis  the  doctrine  of  latent  as 
well  as  of  specific  heat. 

236.  Iiatent  Heat  of  Idqnids. — Black's  first  experiments 
were  upon  water,  and  they  were  performed  in  the  following 
manner. 
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He  suspended  in  a  room  two  similar  vessels,  one  con- 
taining melting  ice  and  the  other  ice-cold  water.  The 
temperature  of  the  room  was  64°  F.,  and  he  noticed  that  in 
a  comparatively  short  time  the  ice-cold  water  had  risen  to 
40°  F.,  while  the  ice  did  not  reach  this  temperature  until 
after  the  lapse  of  ten  and  a  half  hours. 

Afterwards  Black  adopted  the  following  method.  He 
took,  let  us  say,  a  kilogramme  of  water  at  0°  C,  and  mixed 
it  with  a  kilogramme  of  water  at  100°  C,  and  the  tempera- 
ture of  the  mixture  was  found  to  be  the  mean  of  the  two, 
or  50°  C. 

In  the  next  place  he  took  a  kilogramme  of  ice  at  0°,  and 
mixed  it  with  a  kilogramme  of  water  at  100°  C,  and  the 
temperature  of  the  mixture  was  only  10*5°  C.  There  is  thus 
a  difference  in  the  total  heat  of  the  two  mixtures  sufficient  to 
raise  two  kilogrammes  from  10*5°  to  50°,  or  through  a  range 
of  39*5°  C. 

But  the  heat  of  the  boiling  water  was  the  same  in  each 
case,  and  the  only  difference  was  that  in  the  one  case  we  had 
a  kilogramme  of  water  at  0°  and  in  the  other  a  kilogramme 
of  ice  at  0°.  It  would  therefore  appear  that  it  requires  as 
much  heat  to  liquefy  a  kilogramme  of  ice  as  it  does  to  raise 
two  kilogranmies  of  water  through  a  range  of  39*5°  C,  so 
that  if  we  take  as  our  unit  of  heat  that  which  is  needed  to 
raise  one  kilogramme  of  water  from  0°  C.  to  1°  C.  the  latent 
heat  of  one  kilogramme  of  water  will  be  represented  by  79. 

The  experiments  of  Person  would  appear  to  show  that 
in  water  the  change  of  state  is  not  quite  abruptly  assumed, 
but  that  heat  begins  to  be  rendered  latent  in  ice  as  low  as 
2°  C.  below  the  freezing-point. 

237.  Person  has  obtained  the  following  table  exhibiting 
the  latent  heat  of  one  kilogramme  of  various  liquids ; — 

Substance.  Latent  heat  (water  =  i). 

Water i-ooo 

Phosphorus 0*063 

Sulphur o'liS 

Nitrate  of  soda ,    0*794 

Q  2 
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Substance.  Latent  heat  (water  =  i). 

Nitrate  of  potassium o'598 

Tin o*i79 

Bismuth o'i59 

Lead 0*067 

Zinc 0-355 

Cadmium 0*172 

Silver ,     .  0*266 

Mercury 0*035 

238.  Iiatent  Heat  of  Vapours. — Black  was  the  first  to 
determine  the  latent  heat  of  steam,  but  a  more  accurate 
determination  has  since  been  made  by  Regnault.  According 
to  him  the  latent  heat  of  steam  at  100°  C.  is  537  units ;  so 
that  altogether  it  requires  637  units  of  heat,  first  to  heat  a 
kilogramme  of  water  from  0°  to  100°  and  then  to  evaporate 
it  at  that  temperature. 

The  following  table  embodies  the  results  of  Regnault's 
experiments  made  at  low  pressures  : — 

i:re?^i;ol  -ro-lHeat. 

0° 606*5 

10 609*5 

20 612*6 

30 615*7 

40    .    .    .         6i8*7 

50 621*7 

60. : 624*8    ^ 

70 627*8 

80 630*9 

90 633*9 

100  .. 637*0 

no 640*0 

120 643*1 

130 646*1 

140  • 649*2 

150 652*2 

160 6553 

170 658*3 
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Temperature.  Total  Heat. 

180  ... 6614 

190 664*4 

200 6675 

Andrews  has  likewise  determined  the  latent  heat  of  other 
vapours. 

The  following  table  embodies  the  results  of  his  experi- 
ments : — 

Latent  heat  of  equal  weights 
of  Vapours  (steam  =  1). 

Water I'ooo 

Wood  spirit 0*493 

Alcohol .  0*378 

Ether 0*169 

Bisulphide  of  carbon 0*162 

Oxalic  ether 0*136 

Formic  ether 0*196 

Acetic  ether 0*173 

Iodide  of  ethyl 0*087 

Iodide  of  methyl o*o86 

Bromine 0*085 

Perchloride  of  tin o*o57 

Formate  of  methyl 0*219 

Acetate  of  methyl 0*206 

Terchloride  of  phosphorus 0*096 

S39.  Remarks  on  the  lAtent  Heat  of  ^^ater.— It  will  be 
seen  that  water  has  a  greater  latent  heat  than  any  other 
substance,  that  is  to  say  more  heat  is  spent  in  rendering 
liquid  a  kilogramme  of  ice  than  in  rendering  liquid  a  kilo- 
gramme of  any  other  substance.  Again,  steam  has  a  greater 
latent  heat  than  any  other  gas,  that  is  to  say  it  requires  more 
heat  to  vaporize  a  kilogramme  of  boiling  water  than  to 
vaporize  a  kilogramme  of  any  other  substance. 

These  properties  of  the  substance  water  play  a  very  im- 
portant part  in  the  economy  of  nature. 

We  have  already  seen  (Art.  225)  that  a  lake  always  freezes 
at  its  surface,  and  that  ice  formed  remains  at  the  top,  so  that 
a  second  layer  can  only  be  formed  through  the  substance  of  the 
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first,  and  so  on.  Now  the  large  latent  heat  of  water  retards 
the  formation  of  ice,  for  this  large  amount  of  heat  must  be 
taken  from  a  kilogramme  of  ice-cold  water  before  it  can 
become  ice ;  thus  a  very  large  quantity  of  heat  must  be 
carried  off  from  the  surface  before  a  lake  is  frozen  to  any 
great  depth. 

In  like  manner  the  large  latent  heat  of  the  vapour  of 
water  prevents  the  water  on  the  earth's  surface  from  evapo- 
rating too  fast,  and  it  also  prevents  the  vapour  in  the  air 
from  being  precipitated  too  fast  Were  this  latent  heat  very 
much  less  the  earth  would  get  dry  much  sooner,  and  the  rain- 
fall, when  it  took  place,  would  be  much  more  violent  than  it 
is  at  present.  In  fine,  these  properties  of  water  are  most 
valuable  in  toning  down  the  abruptness  of  the  g^eat  opera- 
tions of  nature. 

240.  Remarks  on  Specific  and  latent  Heat. — Viewing 
heat  as  a  species  of  molecular  energy,  it  has  a  twofold  office 
to  discharge.  In  the  first  place,  there  can  be  no  doubt  that 
the  particles  of  a  hot  substance  are  in  violent  motion,  so  that 
when  the  substance  is  raised  in  temperature  the  energy  of  its 
molecular  motion  is  increased. 

But  the  heat  of  a  substance  is  not  wholly  spent  in  this 
molecular  motion,  but  some  of  it  is  spent  in  moving  the 
particles  of  the  substance  away  from  each  other  against  the 
force  of  cohesion  ;  in  fact,  energy  is  spent  in  forcing  asunder 
these  particles  just  as  it  is  spent  in  removing  a  stone  from 
the  earth  and  carrying  it  to  the  top  of  a  mountain  or  to  the 
top  of  a  house.  Thus  there  are  two  quite  different  offices 
discharged  by  heat.  One  of  these  is  to  produce  in  the  par- 
ticles of  the  body  a  species  of  molecular  motion^  and  the  other 
is  to  pull  asunder  the  particles  of  the  body  against  cohesion, 
thus  producing  a  species  of  molecular  energy  of  position. 

Now  as  bodies  generally  expand  through  heat,  a  certain 
portion  of  the  heat  applied  to  a  substance  is  spent  in  pro- 
ducing this  expansion,  and  therefore  disappears  as  actual 
molecular  energy  in  procuring  for  the  particles  of  the  body 
a  position  of  advantage  with  respect  to  molecular  force. 

Probably  however    on    ordinary  occasions    the    greater 
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portion  of  the  heat  communicated  to  a  body  is  spent  in 
motion,  and  only  a  small  portion  is  changed  into  energy  of 
position.  There  are  however  certain  critical  occasions  on 
which  probably  a  very  large  portion  of  the  heat  is  transferred 
into  energy  of  position. 

This  happens  when  in  ordinary  language  heat  is  said  to  be 
rendered  latent.  Thus  at  the  melting-point  a  large  quantity 
of  heat  may  be  applied  to  ice  without  sensibly  raising  its 
temperature,  the  effect  of  the  heat  being  apparently  to  melt 
the  ice. 

Now  we  cannot  suppose  that  all  this  heat  has  in  this  case 
gone  to  increase  the  molecular  motion  of  the  particles, 
otherwise  we  should  expect  a  great  rise  of  temperature  in 
the  water  produced.  But  the  energy  of  the  heat,  if  not 
spent  in  producing  actual  motion  of  some  kind,  must  have 
been  transformed  into  energy  of  position. 

We  are  thus  led  to  imagine  that  when  a  body  changes  its 
state  the  heat  or  part  of  the  heat  which  is  said  to  be  ren- 
dered latent  is  really  spent  in  doing  work  against  molecular, 
force,  being  thus  transformed  into  a  species  of  energy  of 
position  which  of  course  reappears  once  more  as  heat  when 
the  water  comes  again  to  be  frozen. 

In  like  manner  a  very  large  portion  of  the  heat  which 
must  be  communicated  to  boiling  water  in  order  to  bring  it 
into  the  state  of  vapour,  is  spent  in  forcing  the  particles 
asunder  against  the  force  of  cohesion,  and  this  potential 
energy  is  reconverted  into  ordinary  heat-energy  when  the 
vapour  is  again  condensed. 

S41.  FreesinfT  Miztnres  and  Apparittns. — We  thus  see 
how  in  the  change  from  the  solid  to  the  liquid  state,  or  from 
the  liquid  to  the  gaseous  state,  a  large  amount  of  energy  of 
molecular  motion  is  transformed  into  energy  of  position. 
Sometimes  this  molecular  energy  is  supplied  to  the  body 
from  an  external  source  of  heat,  as,  for  instance,  when  water 
is  boiled  in  a  vessel  on  the  fire ;  but  sometimes  it  borrows 
the  heat  from  its  own  particles,  and  this  is  the  origin  of 
freezing  mixtures  and  processes. 

Thus  if  the  bulb  of  a  thermometer  be  covered  with  a  piece 
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of  cambric,  and  if  we  drop  a  little  ether  upon  it,  the  tem- 
perature will  immediately  fall,  owing  to  the  cold  produced 
by  the  evaporation  of  the  ether.  Even  if  we  drop  water 
upon  a  bulb  so  covered,  there  is  a  lowering  of  the  tempera- 
ture, the  amount  of  depression  thus  caused  being  great  in 
dry  air,  in  which  the  water  evaporates  rapidly,  and  small 
in  moist  air,  in  which  there  is  hardly  any  evaporation  ;  and 
meteorologists  are  in  the  habit  of  estimating  the  hygro- 


Fio.  64. 

metric  state  of  the  air  by  means  of  the  fall  of  temperature 
produced  by  moistening  the  bulb  of  a  thermometer.  The 
apparatus  used  for  this  purpose  is  shown  in  Fig.  64.  It  is 
called  the  wet  and  dry  bulb  apparatus. 

Leslie  was  the  first  to  freeze  water  by  means  of  its  own 
evaporation.  He  took  a  vessel  containing  strong  sulphuric 
acid  (Fig.  65),  which  has  a  great  attraction  for  water,  and 
placed  it  beneath  a  thin  metallic  vessel  containing  water 
'n  the  receiver  of  an  air-pump.     On  exhausting  the  receiver 
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the  water  rapidly  evaporated,  and  the  aqueous  vapour  was 
very  quickly  absorbed  by  the  sulphuric  acid.  The  conse- 
quence was  a  diminution  in  the  temperature  of  the  water, 
until  at  last  it  began  to  freeze. 

A  very  good  arrangement  of  Leslie's  experiment  is  that 
devised  by  M.  Carr^,  of  Paris,  in  which 
the  vapour  arising  from  the  water  in  the 
receiver  is  forced  by  the  action  of  the 
pump  through  a  vessel  containing  sul- 
phuric acid.  In  this  case  the  water 
actually  boils  until  the  cold  caused  by  the 
rapid  evaporation  causes  it  to  become  a 
solid  mass  of  ice. 

Again,  if  ether  be  mixed  with  solid 
carbonic  acid,  gas  will  escape  rapidly  from 
the  mixture,  and  intense  cold  will  be 
produced.  ^^°-  ^^' 

Mercury  may  easily  be  frozen  by  this 
means,  and  Faraday  obtained  a  degree  of  cold  by  it  which  he 
estimated  at —  110°  Centigrade. 

In  another  kind  of  freezing  mixture  we  take  two  solids,  or 
a  liquid  and  a  solid,  which  when  mixed  together  produce 
a  compound  which  is  liquid,  and  in  this  case  the  operation 
of  mixture  is  generally  accompanied  by  a  lowering  of  the 
temperature. 

Thus  if  we  mix  snow  and  salt  together  they  will  liquefy, 
and  the  temperature  of  the  solution  will   be  considerably    . 
reduced. 

Lesson  XXVI.— On  the  Relation  between  Heat 
AND  Mechanical  Energy. 

S4>a.  Heat,  being  a  form  of  molecular  energy,  is  con- 
vertible under  certain  conditions  into  the  other  varieties  of 
energy,  but  we  shall  here  confine  ourselves  to  its  connexion 
with  mechanical  energy,  which  is  the -only  form  we  have  yet 
minutely  described. 
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S43.  ConTersion  of  Mechaaleal   Bnernr   into    Heat. — 

This  conversion  takes  place  in  the  phenomena  of  percussion, 
friction,  and  atmospheric  resistance.  Thus  when  the  blow 
of  a  hammer  is  arrested  by  an  anvil,  its  molar  energy  is 
changed  into  heat.  Again,  it  is  well  known  that  savages 
produce  fire  by  rubbing  two  dry  sticks  together,  and  this  is  a 
conversion  of  the  energy  of  motion  into  heat  through  friction. 
We  have  already  shown  (Art.  119)  that  when  a  body  in 
inotion  is  resisted  by  the  atmosphere,  there  is  a  conversion 
of  its  energy  into  heat.  Now  in  all  these  cases  molar  energy 
is  absolutely  annihilated  as  molar  energy,  and  at  the  same 
time  heat  is  created.  There  is  however  no  creation  or  anni- 
hilation of  energy  as  a  whole,  but  merely  an  annihilation  of 
one  species,  accompanied  with  the  simultaneous  creation  of 
another  species. 

The  conversion  of  mechanical  energy  into  heat  is  one 
that  can  be  produced  with  the  greatest  possible  ease ;  the 
difficulty,  indeed,  is  not  so  much  to  procure  this  conversion 
as  to  avoid  it,  and  to  this  intent  we  use  lubricants  in  order 
to  diminish  the  friction  of  machinery  as  much  as  possible. 

Joule  was  the  first  to  establish  a  numerical  relation 
between  mechanical  energy  and  heat.  He  conducted  his 
experiments  in  the  following  manner. 

He  attached  a  known  weight  to  a  pulley  (Fig.  66),  the  axis 
of  which  was  made  to  rest  on  friction  rollers  with  the  object 
of  diminishing  friction  as  much  as  possible.  A  string  pass- 
ing over  the  pulley  was  connected  with  a  vertical  axis  r,  so 
that  when  the  weight  fell  a  rapid  rotatory  motion  was  com- 
municated to  r.  Now  the  shaft  was  made  to  work  a  set  of 
paddles  immersed  in  a  fluid  in  the  box  B,  and  a  vertical 
section  of  one  of  these  paddles  is  given  in  the  figure.  From 
this  it  is  manifest  that  in  this  experiment  the  fall  of  the 
weight  was  made  to  agitate  the  liquid  in  B,  and  to  heat  it 
through  this  agitation.  It  is,  in  fact,  a  case  of  the  conversion 
of  mechanical  energy  into  heat. 

By  means  of  a  number  of  such  experiments,  and  others 
of  a  similar  nature.  Joule  found  that  it  required  the  expen- 
diture of  an  amount  of  mechanical  energy  represented  by 
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424  kilog^amm^tres  in  order  to  heat  a  kilogramme  of  water 
one  degree  Centigrade.  In  other  words,  if  a  kilogramme  of 
water  be  dropped  under  gravity  from  .the  height  of  424 
metres  the  energy  of  motion  which  it  acquires  will,  if  wholly 
converted  into  heat,  raise  its  temperature  one  degree  Centi- 
grade. Further,  if  it  be  dropped  from  twice  this  height  its 
temperature  will  be  raised  2°  C. ;  if  from  three  times  the 
height,  3°  C,  and  so  on. 

244.  Compre»ion   of  Gases. — Mayer,   who   at   a  com- 
paratively early  period  had  divined  the  law  of  the  conserva- 


FiG.  06. 


tion  of  energy,  endeavoured  to  calculate  the  mechanical 
equivalent  of  heat  from  the  heating  of  gases  through  con- 
densation ;  nevertheless  his  proof  was  not  quite  complete, 
and  it  was  reserved  for  Joule  to  furnish  the  link  necessary  to 
its  completion. 

When  we  compress  a  gas  we  heat  it ;  but  are  we  at  liberty 
to  imagine  that  the  heating  produced  is  the  precise  equivalent 
of  the  work  spent  in  compressing  it?  Let  us  answer  this 
question  by  asking  another.  Suppose  we  drop  a  weight  into 
a  large  quantity  of  fulminating  powder,  the  result  is  the  gene- 
ration of  a  large  amount  of  heat ;  but  are  we  at  liberty  to 
suppose  that  all  this  heat  is  the  mechanical  equivalent  of  the 
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energy  of  the  weight?  Clearly  not,  for  the  fulminating 
powder  has  altered  its  molecular  condition,  and  in  the 
process  of  doing  so  there  has  been  the  generation  of  a  large 
amount  of  heat.  Now  when  gas  is  compressed  its  molecules 
have  been  brought  nearer  together,  and  hence  its  molecular 
state  is  different.  We  therefore  require  to  know  what  portion 
of  the  heat  developed  in  the  compression  of  a  gas  is  due 
to  the  difference  in  its  molecular  statd,  and  what  to  the 
mechanical  work  spent  upon  the  gas. 

Now  Joule's  experiments  inform  us  that  in  the  case  of  gas 
the  particles  are  so  far  apart  as  to  have  no  perceptible  action 
on  each  other,  so  that  none  of  the  heat  produced  by  conden- 
sation is  due  to  the  coming  together  of  mutually  attractive 
particles,  but  this  heat  is  entirely  the  equivalent  of  the 
mechanical  energy  spent  in  the  compression. 

We  see  now  why  a  gas  suddenly  expanded  becomes  cooled. 
Suppose,  for  instance,  that  condensed  air  is  contained  in  a 
vessel  similar  to  the  bailer  of  a  steam-engine,  and  that  the 
vessel  has  a  cylinder  connected  with  it  in  which  a  piston 
works.  This  piston  has  above  it  the  pressure  of  the  atmo- 
sphere, equal,  let  us  say,  to  a  weight  of  i,ooo  kilogrammes. 
For  the  sake  of  simplicity  we  may  therefore  suppose  that 
the  atmosphere  is  done  away  with,  and  that  instead  a  weight 
of  1,000  kilogrammes  is  placed  upon  the  piston.  Now  let 
the  condensed  air  be  turned  on  under  the  piston,  and  let  us 
suppose  that  in  consequence  the  piston  is  raised  one  mhtre  in 
height.  A  certain  amount  of  work  has  thus  been  done  by 
the  air  in  the  vessel  equivalent  to  that  spent  in  raising  1,000 
kilogrammes  one  m^tre  in  height.  This  amount  of  mechani- 
cal energy  of  position  has  been  created,  and  as  a  conse- 
quence so  much  heat  energy  must  have  disappeared.  The 
air  will  therefore  have  become  colder  in  consequence  of 
this  expansion. 

For  a  similar  reason,  when  gas  is  suddenly  compressed 
work  is  spent  upon  the  gas,  that  is  to  say,  a  quantity  of 
mechanical  energy  is  changed  into  heat,  and  the  gas  becomes 
hotter  in  consequence. 

a45.  ConTersion  of  Heat  into  ^ITork.— Suppose  in  the 


LESS.  XXVI. 


HEAT. 


237 


instance  just  now  given  that  instead  of  condensed  gas  we  use 
steam  under  a  considerable  pressure. 

Let  it  be  introduced  below  the  piston  (Fig.  67),  which  is 
raised  in  consequence  up  to  the  top  of  the  cylinder. 

Let  the  supply  from  the  boiler  be  now  cut  off  by  shutting 
the  valve  z/i^,  also  let  the  steam  below  the  piston  escape  into 
the  air  by  opening  the  valve  v^^K  The  piston  is  now  at  the 
top  of  the  cylinder.  Next  let  the  steam  from  the  boiler  be 
introduced  above  it  by  opening  the  valve  v^^,  so  as  to  cause 
it  to  descend,  and  when  it  has  got  to  the  bottom  of  its  stroke 


Fig.  67. 

let  this  steam  be  disconnected  from  the  boiler  by  shutting  7n\, 
and  discharged  as  vapour  into  the  air  by  opening  v\  so  that 
when  the  steam  is  introduced  below  the  piston  it  will  once 
more  mount  upward.  An  alternating  motion  of  the  piston  in 
the  cylinder  may  be  thus  produced,  and  a  large  amount  of 
work  may  be  accomplished  if  the  piston-rod  be  connected 
with  appropriate  machinery. 

This  arrangement  is,  in  fact,  the  high-pressure  steam- 
engine  such  as  we  see  in  a  railway  locomotive. 

In  the  low-pressure  engine  the  steam,  when  once  it  is  cut 
off  from  the  boiler,  instead  of  being  driven  out  into  the  air  is 
driven  into  a  vacuum  chamber,  in  which  it  is  cooled  by  a 
copious  supply  of  cold  water.  It  is  thus  condensed  and  its 
pressure  rendered  ni/. 

Thus  in  the  high-pressure  engine  we  have  the  force  of  the 
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steam  on  one  side  of  the  piston,  and  the  pressure  of  the 
atmosphere  on  the  other,  so  that  the  steam  must  have  a 
higher  pressure  than  the  atmosphere,  and  hence  the  name 
of  the  engine. 

But,  on  the  other  hand,  in  the  low-pressure  engine  we  have 
the  pressure  of  the  steam  on  one  side,  and  a  vacuum,  or  nearly 
so,  on  the  other. 

24>6.  It  will  be  noticed  that  in  both  engines  we  obtain 
useful  work  only  by  cooling  the  steam ;  for  had  the  steam  not 
been  cooled  below  the  temperature  at  which  it  issued  from 
the  boiler,  we  should  have  been  unable  to  obtain  that 
difference  of  pressure  which  keeps  the  piston  going. 

In  the  low-pressure  engine  the  steam  is  cooled  by  being 
brought  into  contact  with  cold  water  in  the  vacuum  chamber 
of  the  engine,  while  in  the  high- pressure  engine  it  is  driven 
out  into  the  air  and  cooled  in  consequence. 

Cooling  is,  in  fact,  quite  essential  to  the  working  of  any 
heat-engine ;  for  as  long  as  all  the  parts  of  an  engine  are  at 
the  same  temperature  it  is  absolutely  impossible  to  convert 
heat  into  work.  Heat  is  only  converted  into  work  by  being 
carried  from  a  body  at  a  higher  to  one  at  a  lower  temperature, 
and  even  then  only  a  small  proportion  of  the  whole  heat  so 
carried  can  be  changed  into  work, 

a47.  Camot,  a  French  philosopher,  who  was  the  first  to 
study  this  subject,  very  ingeniously  likened  the  mechanical 
capability  of  heat  to  that  of  water,  remarking  that  just  as 
water  on  the  same  level  can  produce  no  mechanical  effect, 
so  neither  can  bodies  at  the  same  temperature ;  and  just 
as  we  require  a  fall  of  water  from  a  higher  to  a  lower  level 
in  order  to  obtain  mechanical  effect,  so  likewise  we  must 
have  a  fall  of  heat  from  a  body  of  higher  to  one  of  lower 
temperature. 

The  laws  of  this  change  have  been  studied  by  Clausius, 
Rankine,  and  Thomson,  and  from  them  we  learn  what  pro- 
portion of  heat  may  be  utilized  in  a  heat-engine. 

They  begin  by  showing  that  the  absolute  zero  of  tempera- 
ture corresponds  to  about  -  272°  C,  a  point  which  denotes 
the  absolute  deprivation  of  all  heat. 
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Now,  if  we  could  imagine  a  suitable  engine,  of  which  the 
hottest  part  was  at  100°  C,  and  the  coldest  part,  or  refrigera- 
tor at  —  272°  C,  and  if  we  worked  this  engine  by  carrying 
heat  from  the  hot  part  to  the  cold  part,  under  such  circum- 
stances all  the  heat  so  passing  might  possibly  be  converted 
into  mechanical  effect,  and  we  should  have  the  full  advantage 
of  it.  Thus  for  a  quantity  of  heat  sufficient  to  heat  a  kilo- 
gramme of  water  i'  C.  in  temperature  we  should  have  424 
kilog^amm^tres  of  mechanical  energy,  and  so  on  in  this  pro- 
portion. But  it  is  obviously  impossible  to  have  any  part  of 
our  engine  at  an  absolute  zero  of  temperature,  and  therefore 
we  cannot  possibly  utilize  the  whole  mechanical  equivalent 
of  the  heat  which  is  carried  from  the  hotter  to  the  colder 
part.     What  proportion,  then,  can  we  utilize  ? 

This  may  be  expressed  in  the  following  way.  Let  us 
suppose  that  the  higher  temperature  of  our  engine  is  100^ 
C,  and  the  lower  o*  C. ;  the  former  corresponds  to  an  abso- 
lute temperature  above  the  zero  of  temperature  of  372°,  and 
the  latter  to  272'',  while  the  difference  between  them 
is  100°. 

Now  it  is  found  that  under  these  circumstances  a  propor- 
tion of  the  whole  heat  carried  through  the  engine,  represented 

772  —  272 
^y    — z — ^-^or  JJjJ^siy  be  converted  into  mechanical  effect. 

In  like  manner,  if  the  temperature  of  the  source  of  heat 
in  the  engine  be  130°  C,  and  that  of  the  refrigerator 
30°  C,  these  will  correspond  to  the  absolute  temperatures 
402°  and  302°,  and  the  proportion  of  heat  utilized  will  be 
402  — 302_^ 
402  ** 

We  thus  see  how  to  find  the  proportion  of  the  heat  carried 
through  the  engine  which  can  be  utilized,  the  rule  being 
to  express  the  temperature  of  the  source  of  heat  and  of  the 
refrigerator  in  the  scale  of  absolute  temperatures,  and  then  the 
difference  between  these  two  temperatures  divided  by  that  of 
the  source  of  heat  will  denote  the  proportion  capable  of  being 
utilized. 

This  will,  however,  be  only  the  theoretical  limit  of  utiliza- 
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tion,  while  in  practice  an  engine  will  fall  very  far  short  of  this 
limit. 

&48.  Historic  Sketch. — Heat-engines  were  constructed 
in  an  imperfect  manner  long  before  the  theory  of  their  action 
was  well  understood,  but  lately  they  have  been  greatly  im- 
proved, and  within  the  last  fifty  years  engines  of  this  kind 
have  played  a  very  important  part  in  the  progress  of  our 
race. 

We  have,  in  the  first  place,  the  stationary  engine  for  doing 
work  ;  secondly,  the  marine  engine,  with  which  steam-ships 
are  fitted  up  ;  and  thirdly,  the  railway  locomotive. 

By  means  of  the  first  of  these  the  power  of  production  of 
the  human  race— their  working  power — in  fact,  is  very  greatly 
increased,  and  by  means  of  the  two  last  the  power  of  loco- 
motion is  very  much  facihtated. 

Thus  we  have  through  the  steam-engine  not  only  a  much 
larger  power  of  production,  but  also  a  much  larger  demand 
for  the  products  of  our  industry.  Steam  has,  in  fact,  proved 
a  great  civilizing  agency,  and  it  promises  soon  to  create  a 
bond  of  union  between  all  the  varieties  of  the  human  race. 

Hero  of  Alexandria,  about  the  year  120B.C.,  had  some  idea 
of  the  power  of  steam,  and  constructed  the  Eolipyle,  to  which 
allusion  has  already  been  made  (Art.  31). 

It  is  said  that  in  1543  Blasco  de  Garay  by  means  of  steam 
propelled  a  ship  of  200  tons  burthen  in  the  harbour  of  Barce- 
lona at  the  rate  of  three  miles  an  hour,  but  this  is  doubtful. 

Porta,  De  Caus,  and  the  Marquis  of  Worcester,  at  some- 
what later  dates,  independently  conceived  the  idea  of  utilizing 
the  pressure  of  steam  to  raise  a  column  of  water,  and  thus 
to  perform  work,  but  it  is  doubtful  if  their  conceptions  were 
ever  realized  in  practice. 

Much  merit  is  due  to  Dr.  Papin,  a  Frenchman,  who  in 
1690  applied  the  motive  force  of  steam  to  raise  a  piston,  and 
actually  constructed  an  engine  on  this  principle,  which  did 
useful  work  in  a  mine. 

Newcomen  in  1705  conceived  the  same  idea  that  had 
occurred  to  Papin,  and  his  engines  continued  in  use  until 
the  time  of  Watt, 
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In  1763  James  Watt,  who  was  philosophical  instrument- 
maker  to  the  University  of  Glasgow,  received  a  model  of 
Newcomen's  engine  to  be  repaired,  and  he  soon  perceived 
its  faults  of  construction,  and  was  led  to  those  improvements 
which  have  made  the  steam-engine  what  it  now  is. 

One  of  these  was  the  introduction  of  a  separate  chamber 
for  condensation  of  the  steam. 

Suppose,  for  instance,  that  the  steam  from  the  boiler  has 
been  introduced  below  the  piston,  and  that  in  consequence 
it  has  been  driven  up  to  the  top  of  the  cylinder.  In  order 
that  it  should  descend  with  advantage,  it  is  necessary  not 
only  to  cut  off  the  connexion  of  the  steam  under  the  piston 
with  the  boiler,  but  to  reduce  the  pressure  of  this  steam  as 
much  as  possible ;  in  other  words,  to  condense  the  steam. 
Now  if  this  condensation  takes  place  in  the  cylinder  a  large 
supply  of  cold  water  must  be  introduced.  But  this  very 
same  cylinder  must  again  be  heated  before  another  up-stroke 
takes  place  with  advantage,  as  we  then  wish  to  realize  the 
full  pressure  of  the  steam. 

This  led  Watt  to  see  that  the  cooling  ought  to  be  carried 
on  in  a  different  chamber  from  the  heating,  so  that  when  it 
is  wished  to  condense  the  steam  all  that  is  necessary  is  to 
open  up  a  communication  between  the  two  chambers,  an 
operation  which  will  immediately  reduce  the  pressure.  In 
fine,  the  cylinder  should  always  be  kept  as  hot  as  possible, 
and  the  condenser  as  cold  as  possible. 

In  order  to  keep  this  separate  chamber  as  cool  as  possible 
Watt  introduced  an  arrangement  by  which  the  water  of  in- 
jection, after  it  had  become  heated  by  condensing  the  steam, 
was  pumped  out.  This  was  done  by  means  of  an  air-pimip 
driven  by  the  engine  itself,  and  in  order  to  economize  heat 
the  heated  water  pumped  out  of  the  condenser  was  made  to 
feed  the  boiler. 

Double  action  was  another  of  Watt's  improvements.  Before 
his  time,  in  Newcomen's  engines  the  steam  was  only  intro- 
duced below  the  piston  to  drive  it  up,  and  when  at  the  top 
the  steam  below  it  was  cut  off  from  the  boiler  and  condensed, 
and  the  piston  was  then  made  to  descend  by  means  of  the 

R 
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pressure  of  the  atmosphere.  But  by  Watt's  arrangement 
the  steam  was  introduced  alternately  above  and  below  the 
piston.  When  it  was  introduced  below  in  order  to  drive  the 
piston  up,  the  steam  above  was  shut  off  from  the  boiler  and 
condensed,  so  that  there  was  no  counteracting  pressure 
above  ;  and  again,  when  the  steam  was  introduced  above  in 
order  to  drive  the  piston  down,  the  steam  below  was  shut 
off  and  condensed. 

Another  improvement  introduced  by  Watt  was  expansive 
working.  If  the  steam  from  the  boiler  be  introduced  below 
the  piston  during  the  full  length  of  the  up-stroke,  the  velocity 
of  the  piston  will  gradually  increase  until  it  is  suddenly 
destroyed  at  the  end  of  the  stroke.  Work  will  thus  be  lost, 
and  the  engine  will  suffer.  Now  Watt  remedied  this  by 
cutting  off  the  steam  frpm  the  boiler  before  the  piston  had 
yet  finished  its  stroke,  so  that  for  the  remainder  of  the  stroke 
the  pressure  of  the  steam  would  gradually  get  less  and  less 
and  have  only  force  sufficient  to  bring  the  piston  to  the  top 
of  the  cylinder  without  velocity. 

fl4>9.  Home  Power. — Besides  the  economy  of  fuel  in  an 
engine,  another  point  of  interest  is  the  rate  at  which  it  works. 
Thus  if  it  does  as  much  work  in  a  minute  as  one  horse,  it  is 
said  to  be  of  one  horse-power  ;  if  as  much  work  as  ten 
horses,  of  ten-horse  power,  and  so  on.  In  this  country  an 
engine  is  said  to  be  of  one-horse  power  when  it  will  raise 
33,000  lbs.  one  foot  high  in  a  minute,  this  being  the  average 
rate  of  work  of  the  strongest  horses. 

We  have  now  described  the  laws  which  regulate  the  con- 
version of  mechanical  effect  into  heat,  as  well  as  those  which 
regulate  the  opposite  conversion,  and  it  will  be  noticed  that 
while  it  is  very  easy  to  convert  mechanical  energy  wholly 
into  heat,  it  is  impossible  to  convert  heat  wholly  back  into 
mechanical  energy. 

The  connexion  between  heat  and  the  Various  other  forms 
of  molecular  energy  will  be  considered  when  these  energies 
are  described. 
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Lesson  XXVI  I.— Preliminary. 

flSO.  When  a  substance  is  heated,  it  gives  out  part  of  its 
heat  to  a  medium  which  surrounds  it  (Art.  io6).  This  heat- 
energy  is  propagated  as  undulations  in  the  medium,  arid 
proceeds  outwards  with  the  enormous  velocity  of  186,000 
miles  in  a  second.  If  the  temperature  of  the  hot  substance 
be  not  great  these  undulations  do  not  affect  the  eye,  but 
are  invisible,  forming  rays  bf  dark  heat,  such,  for  instance, 
as  are  given  out  by  boiling  water ;  but  as  the  temperature 
rises  we  begin  to  see  a  few  red  rays,  and  we  say  that  the 
body  is  red-hot.  As  the  temperature  still  continues  to  rise 
the  body  passes  to  a  yellow  and  then  to  a  white  heat,  until 
it  ultimately  glows  witli  a  splendour  like  the  sun. 

It  thus,  appears  that  we  have  two  kinds  of  rays,  ithose 
which  do  not  affect  the  eye,  or  rays  of  dark  heat,  and  those 
which  the  eye  perceives,  or  rays  of  Vkgbt. 

Let  us  first  proceed  to  those  rays  which  affect  the  eye. 

flSl.  The  term  optics  is  given  to  that  branch  of  physics 
which  treats  of  luminous  rays. 

The  old  idea  regarding  light  was  that  it  consisted  of  very 
minute  particles  given  out  by  a  luminous  body,  but  of  late 
men  of  science  have  come  unanimously  to  the  conclusion 
that  it  consists  of  waves  which  traverse  a  medium  pervading 
space.  There  is  thus  no  addition  to  the  weight  of  a  body 
which  receives  light,  and  no  diminution  in  the  weight  of  one 

R  2 
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which  gives  it  out,  nor  is  any  blow  given  to  a  delicately- 
suspended  substance  upon  which  the  light  of  the  sun  is 
made  to  fall. 

But  while  there  are  many  properties  of  light  which  can 
hardly  be  explained  except  on  the  supposition  that  it  con- 
sists of  waves,  there  are  others  which  can  be  studied 
indifferently  under  either  hypothesis. 

fl5fl.  Suppose  now  that  we  have  a  very  small  luminous 
body,  in  fact  a  mere  shining  point,  and  that  light  is  radiated  on 
all  sides  by  this  small  body,  which  forms,  as  it  were,  a  centre 
from  which  waves  of  light  proceed  in  all  directions.  If  the 
eye  look  towards  this  point,  a  cone  of  rays  strikes  the  eye. 
If  the  bulb  of  a  thermometer  be  held  near  it,  a  cone  or 
bundle  or  pencil  of  rays  strikes  the  bulb.     * 

Now  just  as  in  a  sphere  we  can  geometrically  conceive  of 
a  single  radius,  so  in  the  case  of  the  radiant  point  we  can 
conceive  of  a  single  ray  of  light,  and  we  may  imagine  a  vast 
number  of  such  rays  to  form  a  luminous  pencil. 

If  the  luminous  point  be  near  the  eye,  the  pencil  of  rays 
which  strikes  the  eye  is  divergent.  On  the  other  hand,  the 
light  which  strikes  the  eye  froiA  a  star  or  body  at  a  very 
great  distance  may  be  regarded  as  2l  pencil  of  parallel  rays. 
We  may  likewise  have  a  pencil  whose  section  lessens  as  it 
proceeds,  in  which  case  it  is  called  a  convergent  pencil, 

253.  Substances  are  divided  into  two  distinct  classes  with 
reference  to  light  :  there  are  those  which  are  opaque  and 
those  which  are  transparent.  The  former  stop  a  ray  of  light, 
while  the  latter  allow  it  to  pass  ;  nevertheless  no  substance 
is  perfectly  opaque  or  perfectly  transparent,  but  a' Very  thin 
slice  of  the  most  opaque  substance  will  allow  a  little  light 
to  pass  through  it,  while  a  very  thick  stratum  of  the  most 
transparent  substance  will  stop  some  light. 

As  long  as  a  ray  of  light  moves  through  the  same  medium 
it  moves  in  straight  lines,  but  on  passing  from  one  medium 
to  another,  one  part  of  the  light  is  reflected,  or  thrown  back^ 
and  another  part  enters  the  medium,  but  in  a  different  direc- 
tion from  that  which  it  previously  pursued  ;.this  bending  of 
the  ray  is  termed  refraction. 
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fl54>.  Velocity  of  Id^bt. — Romer,  a  Danish  astronomer, 
in  1675  was  the  first  to  determine  the  velocity  of  light  from 
the  eclipses  of  Jupiter's  satellites.  It  so  happens  that  at 
equal  intervals  of  42h.  28m.  36s.  the  first  of  Jupiter's 
satellites  passes  within  his  shadow,  and  is  thus  obscured. 
Now  if  light  travelled  instantaneously  from  Jupiter  to  the 
Earth,  we  should  see  this  phenomenon  precisely  at  the 
moment  when  it  took  place.  But  Romer  found  that  when 
the  Earth  was  farthest  away  from  Jupiter  there  was  a  retar- 
dation in  the  time  of  the  occurrence  equal  to  i6m.  36s. 


Fig.  68. 

Now  it  will  at  once  be  seen  (Fig.  68)  that  the  Earth  is 
nearest  Jupiter  when  both  are  in  one  line  with  the  sun  and 
on  the  same  side  of  him,  and  that  the  Earth  is  farthest  from 
Jupiter  when  both  planets  are  in  one  line  with  the  sun  but  on 
different  sides  of  him,  and  that  the  difference  of  distance  in 
these  two  cases  is  the  diameter  of  the  Earth's  orbit.  Hence 
Romer  argued  that  a  ray  of  light  takes  i6m.  36s.  to  cross  the 
diameter  of  the  Earth's  orbit.  From  this  it  may  be  calcu- 
lated that  the  velocity  of  light  is  about  186,000  miles  per 
second. 

The  velocity  of  light  has  also  been  determined  by  experi- 
ment. Fizeau's  apparatus  for  this  purpose  will  be  most 
easily  understood.  Suppose  we  have  a  toothed  wheel,  and 
that  a  ray  of  light  is  made  to  pass  through  the  interval 
between  two  teeth.  It  is  then  allowed  to  proceed  to  a  mirror 
some  distance  off,  from  which  it  is  reflected  back  precisely  in 
the  direction  in  which  it  came,  so  as  to  return  through  the 
same  interval  between  the  two  teeth  of  the  wheel  from  which 
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it  originally  proceeded  to  the  mirror.  If,  however,  the  toothed 
wheel  is  made  to  revolve  with  great  velocity,  the  ray  of  light, 
when  it  comes  back  from  the  mirror,  may  find  itself  stopped 
by  the  next  tooth,  and  may  not  be  able  to  pass. 

Whether  this  will  happen  or  not  will  depend  upon  the  time 
the  ray  of  light  takes  to  go  from  the  toothed  wheel  to  the 
mirror  and  back  again,  and  upon  the  velocity  with  which  the 
wheel  is  made  to  revolve. 

M.  Fizeau  so  performed  the  experiment  as  to  stop  the  ray 
of  light  on  its  return,  and  knowing  at  the  same  time  the  rate 
of  revolution  of  the  toothed  wheel  he  was  able  to  estimate 
the  time  the  ray  took  to  go  from  the  wheel  to  the  mirror  and 
back  again,  and  he  thus  determined  the  velocity  of  light. 

255.  Intensity  of  Iiight. — If  the  light  from  a  luminous 
body  fall  upon  a  surface^  the  quantity  of  light  which  the  sur- 
face receives  will  vary  inversely  as  the  square  of  its  distance 
from  the  source. 


Fig.  69. 

To  prove  this,  let  S  (Fig.  69)  denote  the  luminous  source, 
and  let  P  denote  a  circular  plate  upon  which  the  light  falls, 
the  distance  S  C  being  unity.  Also  let  P'  denote  a  plate 
similarly  placed,  but  twice  as  far  from  the  source,  the  distance 
S  c'  being  equal  to  2.  Now  it  is  evident  from  the  figure  that 
the  same  amount  of  light  which  would  fall  on  P  will,  if  allowed 
to  pass,  spread  itself  out  so  as  to  fall  on  p',  so  that  both 
circles  receive  the  same  amount  of  light  from  the  source. 
But  the  figures  being  similar,  p'  is  four  times  as  large  as  P, 
and  hence  the  light  which  falls  on  a  portion  of  p'  equal  in 
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size  to  P  will  be  only  one-fourth  of  that  which  falls  on  P  ;  that 
is  to  say,  the  same  plate  will  only  receive  one-fourth  of  the 
light  when  its  distance  is  doubled,  or  the  light  received  will 
vary  inversely  as  the  square  of  the  distance. 

256.  In  the  next  place,  the  intensity  of  the  illumination  of 
a  plate  or  screen  is  proportional  to  the  cross  section  which  it 
presents  to  the  direction  of  radiation.    Thus  let  Fig.  70  denote 


^ 

Fig.  70. 

parallel  rays  from  a  far-off  source  falling  upon  a  plate  per- 
pendicular to  the  plane  of  the  paper,  and  which  we  may 
represent  by  A  B,  tlie  line  on  which  it  stands  upon  the  paper. 
First  let  A  B  be  perpendicular  to  the  direction  of  the  rays  ; 
the  plane  will  in  this  position  receive  the  greatest  possible 
amount  of  light.  Next  let  it  be  turned  obliquely  into  the 
position  A  b'  ;  it  is  evident  that  it  will  now  receive  fewer  rays, 
and  that  the  amount  received  will  be  represented  by  A  c  ; 
that  is  to  say,  by  the  cross  section  which  the  plate  presents 
to  the  direction  of  radiation. 

This  is  the  reason  why  the  sun  is  so  much  less  power- 
ful at  morning  or  evening  than  at  noon,  at  winter  than  at 
summer,  at  the  poles  than  at  the  equator,  for  the  ground  will 
evidently  receive  most  heat  when  its  surface  is  perpen- 
dicular to  the  sun's  rays. 

fl57.  Let  us  now  make  a  few  remarks  regarding  intrinsic 
luminosity,  or  inherent  brightness,  and  propose  to  ourselves 
the  following  question :— rWill  the  inherent  brightness  of  a 
fire  be  diminished  as  we  recede  from  it,  or  would  the 
inherent  brightness  of  the  sun  be  increased  could  we  view 
it    from  half  its    present  distance?    To   this  we   answer. 
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that  if  we  could  view  the  sun  from  half  its  present  distance 
the  apparent  area  which  it  would  cover  would  be  four  times 
as  great  as  that  which  it  cov«^  at  present,  and  the  light 
which  the  eye  would  receive  from  it  would  also  be  four 
times  as  great  We  should  thus  get  more  hght  from  the 
nearer  sun  in  the  proportion  in  which  its  size  was  increased  ; 
but  if  we  could  cut  down  or  cover  over  this  larger  and 
nearer  sun  until  it  became  of  the  same  apparent  size  as  the 
ordinary  and  more  distant  sun,  then  we  should  get  precisely 
the  same  amount  of  light  from  it  as  we  do  at  present  The 
same  would  take  place  in  the  case  of  a  fire ;  the  red  body 
of  the  fire  would  grow  no  brighter  as  we  approached  it,  but  it 
would  grow  larger,  and  our  eye  would  receive  more  light 
If,  however,  we  held  a  long  narrow  tube  before  our  eye  and 
viewed  the  fire  through  it,  we  should  find  no  difference  in  the 
light  that  reached  our  eye  until  we  had  gone  away  so  far 
that  the  fire  did  not  fill  up  the  field  of  view  looking  through 
the  tube. 

We  thus  see  that  the  quality  or  intrinsic  brightness  of  a 
luminous  body  does  not  vary  with  its  distance,  meaning  by 
quality  or  brightness  the  light  that  would  reach  the  eye  by 
looking  at  the  body  through  such  a  long  narrow  tube,  and 
supposing  the  tube  to  be  always  so  narrow,  and  the  source 
of  light  always  so  large,  that  in  looking  through  the  tube  we 
should  see  nothing  else  but  this  light 

But  if  the  luminous  body  should  be  so  distant  as  not  to 
subtend  any  perceptible  area,  but  rather  to  appear  simply 
a  luminous  point  like  a  star,  we  should  not  then  be  able  to 
jjudge  of  its  intrinsic  brightness. 

'  fl58.  The  intensity  of  light  is  measured  by  an  instrument 
called  a  photometer ;  one  of  the  simplest  of  these  is  that 
devised  by  Bunsen,  who  makes  a  grease  spot  on  a  sheet  of 
porous  paper. 

This  spot,  if  illuminated  in  front,  will  appear  darker  than 
^\the   surrounding   paper,  but  if  illuminated   behind  it  will 
appear  brighter. 

Now  let  a  standard  light,  such  as  that  from  a  wax  candle 
of  known  dimensions,  be  placed  behind  the  paper  screen 
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and  kept  there  in  a  fixed  position  during  the  experiment ; 
the  greased  spot  will  shine  out  in  consequence,  and  appear 
more  luminous  than  the  paper.  Next  place  the  light  to  be 
examined  in  front  of  the  screen,  and  move  it  to  such  a  dis- 
tance that  the  grease  spot  is  made  as  much  darker  than  the 
paper  by  the  light  in  front  as  it  is  made  brighter  by  the 
fixed  standard  light  behind,  now  appearing,  in  fact,  of  the 
same  brightness  as  the  paper. 

Different  lights  may  thus  be  compared  with  one  another ; 
for  when  the  grease  spot  becomes  of  the  same  brightness  as 
the  paper,  or  in  fact  vanishes  as  a  bright  spot,  it  denotes 
that  an  amount  of  light  has  been  thrown  from  in  front  upon 
the  paper  equal  to  that  thrown  upon  it  by  the  fixed  standard 
light  behind ;  and  if  we  know  at  the  same  time  the  distance 
of  the  luminous  object  in  front  from  the  paper,  we  are  en- 
abled to  measure  the  intensity  of  its  light.  Thus  if  one 
light  causes  the  grease  spot  to  vanish  when  placed  at  the 
distance  of  one  foot  in  front  of  the  screen,  and  another  light 
when  placed  at  the  distance  of  two  feet,  we  should  conclude 
that  the  luminosity  of  the  latter  is  four  times  as  great  as 
that  of  the  former,  inasmuch  as  the  latter  is  found  to  produce 
the  same  effect  as  the  former  at  double  the  distance,  and  we 
know  that  by  doubling  the  distance  the  effect  upon  the 
screen  is  diminished  four  times  (Art.  255). 

fl59.  We  again  remark  the  distinction  between  the 
illuminating  power  of  a  source  of  light  and  the  inherent 
brightness  or  quality  of  the  light. . 

The  illuminating  power  is  quantitative  merely,  and  refers 

to  the  capacity  of  the  hght  to  illuminate  a  screen  at  a  given 

distance.     But  the  intrinsic  luminosity  takes  account  of  the 

size  of  the  luminous  body  as  well.     For  instance,  a  large 

fire  may  produce  the  same  illuminating  effect  as  a  couple  of 

jets  of  gas  ;  but  the  size  of  the  fire  is  much  larger,  and  if  we 

place  the  gas  between  our  eye  and  the  fire  we  shall  soon  see  j 

that,  size  for  size,  the  gas  will  give  most  light. 

/ 
/ 
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«=^:=-:n  XXVIII. — Reflexion  of  Light. 


Wben  a  ray  of  light  falls 
prCisbed  metallic  surface,  it  is  reflected. 
Ilv  wiiich  holds  for  sound  (Art.  142)  ; 
2=_rJe  <:€  rcdadon  is  equal  to  the  angle  of 
rci  ibe  iz.cidcnt  and  reflected  rays  are  in 
i.ir  tc  rSe  surface  of  the  mirror. 
.3  liTT  —^7  be  rendered  visible  to  the  eye 
:.  frid  tbe  s^m.  or  from  an  electric  lamp, 
rrr  iz.  in  ccbcrmisc  dark  room.  The  path 
a:cT  izil  ifier  reflexion,  will  be  rendered 
I'  i^e  f  '.i.~-~^  particles  of  dust  which  arc 
in -iT  ibi  bej.=3L  If  the  mirror  be  horizon- 
\^iz  -»  cji  ri.>s  arc  in  the  same  vertical 
f  II*;  -ZLtc-oenr  ray  falls  rapidly  towards 
as  fafHdly  on  the  other 


-ur^icizac^  'be  pus^Dcd  in  front  of  a  plane 
zz  rtut  5^rsaCi=»re  :s  seen,  as  it  were,  behind 
in-.'V  :.i*K  jn  rcility  there  is  no  substance 

:f-  iJiL'-tiirr  ibe  rays  of  light  which  reach 
ziirT;c  ij5*r:  it  in  tbe  same  in2uiner  as  if 

_    rrr»a?;  -it  r2«  I*zzzii2ocis  substance  given  by 

-r.-r^i^  ^—  issL=c  in  explaining  the  laws  of 

iiri?s^  i^»  T^izae  minors.     Let  A  denote  a 

^xi^  1l  V  i  Ti.rTtr  =.=ni5r,  and  let  the  reflexion 

.^.  -TC  ^  ^ -trw^.£  >*-  ibe  eye  at  D  d'  ;  also  let 

.^--  ;as»  persesxijc^uar  to  the  plane  of  the 

^=.  mt  rcfie33:?ir  of  ^  &,  it  fr>llows,  from  the 

-..jn  ^-1^  -  tii£:  i2ie  angle  a  b  c  is  equal  to 

rr  iSi^ii^  -*   I  A  A ,  since  A  a'  and  B  C  are 

jr   ^  ^.^ssl  tr  F  A  A  lor  the  same  reason : 

^  i  *  A.  5&  c^zijC  to  B  a' A,  and  hence  that 
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A  M  =  M  A'  ;  that  is  to  say,  A'  is  as  as  much  below  the  mirror 
as  A  is  above  it. 

By  similar  reasoning  it  might  be  shown  that  the  reflected 
line  D'  B'  would,  if  prolonged,  pass  through  the  point  a', 
making  A  M=  M  a'  as  before,  and  in  fact  aU  the  rays  from 
A  which  strike  the  mirror  will,   after  reflexion,  appear  to 


Fig.  71. 

proceed  from  A'.  We  thus  see  that  the  point  from  which  the 
reflected  rays  appear  to  proceed  lies  as  much  behind  the 
reflecting  surface  as  the  luminous  point  which  is  the  source 
of  the  rays  lies  before  it. 

We  also  see  how  in  all  cases  to  construct  a  figure  which 
will  show  the  apparent  form  and  position  of  the  virtual  image 
of  any  substance  reflected  from  a  plzme  mirror. 

Then  let  A  B  c  D  (Fig.  72)  be  an  irregular  body,  of  which 
we  wish  to  study  the  reflexion  in  the  mirror  M.  From  the 
various  points  of  the  body  A  B  c  D  drop  perpendiculars  upon 
the  plane  of  the  mirror,  and  continue  them  on  the  other  side, 
until  in  all  cases  the  lengths  behind  the  mirror  are  equal  to 
those  in  front.  Then  will  the  figure,  formed  by  joining 
together  the  extremities  of  these  lines,  represent  the  apparent 
position  and  form  of  the  reflected  image. 

We  are  all  of  us  familiar  with  reflected  images  from  plane 
mirrors,  and  it  is  well  known  that  if  a  body  be  close  in  front 
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of  a  mirror  its  image  will  appear  to  be  close  behind,  while 
if  the  body  be  a  long  way  in  front  its  image  will  be  a  long 
way  behind. 

The  reflexion  of  the  human  figure  in  a  vertical  mirror  will 
be  erect,  like  the  figure  itself,  but  it  will  be  left-handed,  the 
right  hand  of  the  individual  appearing  as  the  left  in  the 
reflexion. 


Fig.  72. 

In  like  manner,  if  letters  (Fig.  72)  be  written  upon  a  wall 
in  front  of  the  mirror  from  left  to  right,  or  in  the  usual  way, 
the  reflected  image  will  appear  as  if  they  had  been  written 
from  right  to  left. 

All  these  peculiarities  of  reflected  images  are  easily  under- 
stood if  we  bear  in  mind  the  rule  that  the  reflected  image 
of  a  point  is  as  much  behind  the  mirror  as  the  point  itself 
is  in  front. 

fl61.  Reflexion  from  Curved  Mirrors. — When  a  ray  of 
light  strikes  any  point  of  a  curved  surface,  in  order  to  find 
the  direction  of  the  reflected  ray  we  must  first  of  all  find  the 
position  of  the  tzmgent  plane  to  the  surface  at  that  point. 
Now  it  is  well  known  that  for  exceedingly  small  distances 
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around  the  point  of  contact  a  curved  surface  may  be  sup- 
posed to  coincide  with  its  tangent  plane,  and  hence  the 
reflexion  at  that  point  will  be  the  same  as  if  it  took  place 
from  the  tangent  plane. 

The  most  important  case  of  reflexion  from  curved  surfaces 
is  that  in  which  a  concave  spherical  mirror  is  struck  by  a 
pencil  of  parallel  rays,  as  in  Fig.  73.      Let  D  D'  represent 


Fig.  73. 

a  section  of  such  a  mirror,  and  let  C  be  its  centre  ;  also  let 
E  D,  A  B,  E'  D'  denote  parallel  rays  impinging  against  the 
mirror.  Let  us  take  the  ray  E  D  ;  now  the  tangent  plane  to 
the  sphere  at  any  point  is  perpendicular  to  the  radius,  hence 
at  D  it  is  perpendicular  to  C  D,  or  c  D  is  the  normal  to  the 
tangent  plane.  Hence  the  ray  E  D  will  be  reflected  in  some 
direction,  D  F,  such  that  E  D  c  shall  be  equal  to  c  D  F  (Art.  260), 
F  being  the  point  where  the  reflected  ray  cuts  the  central 
line  A  B,  or  ray  which  passes  through  the  centre. 

But  since  E  D  is  parallel  to  A  B,  E  D  c  is  equal  to  D  c  F, 
hence  C  D  F  =  D  C  F,  and  therefore  C  F  =  F  D.  Now  if  the 
beam  of  parallel  rays  be  confined  to  short  distances  from 
the  central  line,  F  D  will  be  very  nearly  equal  to  F  B.  But 
c  F  =  F  D,  hence  for  such  rays  C  F  will  be  very  nearly  equal 
to  F  B  ;  that  is  to  say,  the  various  reflexions  from  the  rays 
of  such  a  beam  will  all  cut  the  central  line  A  B  in  some 
point,  F,  half  way  between  c  and  B  :  the  point  F  will,  in  fact, 
be  the  focus  for  such  rays. 

260.  Let  us  now  suppose  that  we  have  a  concave  mirror 
of  this  kind,  and  that  we  point  it  directly  towards  the  sun.  It 
will  at  once  be  seen  that  the  rays  which  strike  the  various 
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parts  of  the  mirror  from  the  central  point  of  the  sun  are  all 
parallel  rays,  inasmuch  as  this  point  is  a  very  great  distance 
off ;  and  in  like  manner,  the  rays  which  strike  the  various 
parts  of  the  mirror  from  any  fixed  point  in  the  rim  of  the 
sun  will  all  be  parallel  rays  for  the  same  reason ;  but,  on  the 
other  hand,  the  rays  from  the  point  in  the  sun's  rim  will  not 
be  parallel  to  the  rays  from  his  central  point. 

In  fact,  the  rays  from  the  central  point  of  the  sun  will 
refer  themselves  to  one  axis  of  the  mirror,  and  we  shall 
look  for  their  focus  in  this  axis ;  while  the  rays  from  a 
point  in  the  sun's  rim  will  refer  themselves  to  another  axis 
of  the  mirror,  and  we  shall  look  for  their  focus  in  this  other 
axis. 

We  shall  thus  have  a  series  of  axes  all  passing  through 
the  centre,  each  axis  containing  the  focus  for  some  one  point 
of  the  sun's  disc,  and  each  focus  being  at  a  distance  from 
the  centre  equal  to  half  the  radius.  A  circular  image  of  the 
sun  will  thus  be  formed  ;  and  furthermore,  it  will  not  be 
a  virtual  but  a  real  image,  so  that  if  a  photographic  plate 
were  to  be  placed  in  the  focus  of  such  an  instrument  we 
should  obtain  a  likeness  of  the  sun. 

fl63.  We  have  hitherto  considered  parallel  rays  or  those 
coming  from  a  body  at  an  infinite,  or  at  least  a  very  great 
distance.  The  case  will,  however,  be  altered  if  the  rays 
which  strike  the  mirror  are  divergent  rays  proceeding  from 
a  body  near  the  mirror. 

Thus,  in  Fig.  74  let  L  denote  a  luminous  point,  from  which 
rays  proceed  to  the  concave  mirror  D  B  D'.  It  is  evident 
that  the  ray  which  strikes  the  mirror  at  D  will  be  reflected 
in  a  direction  D^,  such  that  the  angle  LD'C  shall  be  equal 
to  the  angle  CD/I  Had,  however,  a  ray  parallel  to  the  axis 
L  c  B,  impinged  upon  the  mirror  at  D,  it  would  have  been 
reflected  in  the  direction  D  F.  In  fact,  while  F  is  the  focus 
for  pafallel  rays,/  is  the  focus  for  rays  proceeding  from  L, 
the  focus  being  in  this  latter  case  farther  from  the  mirror 
and  nearer  its  centre. 

F,  or  the  focus  of  parallel  rays,  is  called  the  iirlttcipal 
focus. 
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fl64.  We  thus  see  that  if  a  luminous  point  be  placed  at 
L,  the  focus  of  its  reflected  rays  from  the  concave  mirror 
will  be  at  /,  and  it  will  readily  appear  that  if  the  luminous 
body  be  placed  at  /  its  focus  will  be  at  L,  since  the  only 
difference  between  the  two  cases  is  that  in  the  first  case  the 
rays  began  their  journey  at  L  and  ended  it  at  /,  whereas  in 
the  second  they  began  it  at /and  ended  it  at  L:  in  fact,  the 
two  points  L  and  /  bear  a  reciprocal  relation  to  each  other, 
and  are  therefore  called  conjufrate  focL 


Fig.  74. 

We  can  very  easily  find  the  relation  between  the  two  foci.  \ 
For  in  the  triangle  L  D/we  have  c  D  halving  the  angle  L  D^ 
hence  L  C  :  c/:  :  L  D  :  d/,  but  if  the  angle  D  L  B  is  small, 
L  D  becomes  very  nearly  equal  to  L  B,  and  D  /  to  B  /,  and 
hence  we  have  for  small  angles  lc:C/::LB:b/ 

But  LC  =  LB  —  r  {r  being  the  radius  of  the  mirror),  and 
C/=  r  —  b/,  hence  we  have  lb  —  r  \r  —  b/:  :  l  b  :  b/, 
and  hence  (lb  —  r)'B/=  {r  —  b/)  l  b,  or  (calling  L  B,  b/ 
D  and  /f )  D  d—r  d  =  D  r  —  D  //,  that  is  to  say,  B  r  =  2  D  d 
—  r  d.      Lastly,   dividing    each   term   by  J>dr  we    have 

Lsar-?. — Jori+  i  ==  —  an  expression  which  gives  the 
d      r       T>        d       B        r, 

relation    between    the    two    conjugate    foci    of   a  concave 
spherical  mirror. 

fl65.  We  thus  began  with  strictly  parallel  rays,  which 
gave  us  the  principal  focus,  and  we  then  brought  our  lumi- 
nous point  nearer,  so  as  to  be  the  source  of  a  divergent 
pencil  of  rays,  which  gave  us  a  focus  farther  from  the  mirror 
than  the  principal  focus.     Thus  hone  of  the  foci  or  conjugate 
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foci  which  we  have  been  considering  have  been  so  near  the 
mirror  as  the  principal  focus.  Now  what  will  happen  if  the 
luminous  point  be  nearer  the  mirror  than  the  principal  focus  ? 
This  case  is  exemplified  in  Fig.  75,  where  we  see  that  the 


Fig.  75. 

reflected  rays  will  appear  to  diverge  from  some  point  behind 
the  mirror;  in  fact  the  focus  will  now  be  virtual,  and  not 
real.  Thus,  for  all  luminous  points  further  from  the  mirror 
than  its  principal  focus  we  have  real  foci  of  reflected  rays, 
but  when  the  luminous  point  is  nearer  than  the  principal 
focus,  the  focus  for  the  reflected  rays  is  a  virtual  one,  and 
appears  to  proceed  from  behind  the  mirror. 

The    formula  --  +   1  =    5   (Art.   264),  is   applicable  to 

all  these  various  cases. 

1.  Let  the  object  be  at  an  infinite  distance,  so  that  the 
rays  which  fall  upon  the  mirror  are  parallel  rays.      Then 

i  =  o.  hence  \  =  -,  and  hence  ^  =  -,  or  we  have  the 
jy  d       r  2 

principal  focus. 

2.  Let  D  be  greater  than  r,  or  let  the  object  be  beyond 

the  centre,  then  //will  be  less  than  r,  but  greater  than  -,  or 

the  focus  will  be  between  the  principal  focus  and  the  centre. 

3.  Let  D  =  ^,  or  let  the  object  be  at  the  centre  of  the 
mirror,  then  //  =?  r,  or  the  focus  is  also  at  the  centre,  and 
coincides  with  the  object. 

4.  Let  D  be  less  than  r,  but  greater  than  -,  then  d  will  be 

2 

greater  than  r,  or  the  focus  will  be  beyond  the  centre. 
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5.  Let  D  be  less  than  -,  or  let  the  luminous  point  be 

between  the  principal  focus  and  the  mirror,  then  d  will  be 
negative,  that  is  to  say,  it  must  be  reckoned  on  the  other 
side  of  the  mirror,  and  the  focus  will  be  a  virtual  one. 

266.  Suppose  now  that  instead  of  a  single  luminous 
point  we  have  a  line  A  B  (Fig.  76),  and  that  we  wish  to  find 
the  position  and  size  of  its  image  as  given  by  a  concave 
mirror  of  which  c  is  the  centre.  From  the  point  A  draw 
the  line  A  c  D,  passing  through  c  the  centre  of  the  mirror. 
The  focus  corresponding  to  A  will  be  some  point  A',  which 
we  already  know  how  to  find. 


Fig.  76. 

Again,  from  B  draw  a  line  B  c  E,  passing  through  C  the 
centre  ;  the  focus  of  B  will  in  like  manner  be  in  some  point 
B'.  In  fine  a'  b'  will  be  the  image  of  A  B.  In  the  case  we 
have  given,  the  image  will  be  real  and  inverted^  and  it  will 
bear  the  following  relation  in  size  to  the  object  from  which 
it  proceeds.  Length  of  object  is  to  length  of  image  as 
distance  of  object  from  centre  is  to  distance  of  image 
from  centre. 

If,  however,  the  luminous  point  be  nearer  than  the 
principal  focus,  the  image  will  be  virtual  and  erect. 

All  these  peculiarities  of  the  images  may  easily  be  studied 
by  means  of  a  small  concave  spherical  mirror,  such  as  that 
attached  to  a  microscope. 

Supposing  that  a  small  object  is  placed  immediately  in 
front  of  such  a  mirror,  its  image  is  at  first  virtual,  and 
appears  to  proceed  from  behind  the  mirror,  and  it  is  also 
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erect.  As  the  object  is  withdrawn  the  image  increases  in 
size,  still  remaining  erect,  until  we  reach  the  principal  focus, 
when  we  are  unable  to  perceive  any  image.  As  the  object 
is  still  withdrawn,  a  magnified  but  inverted  image  may  be 
seen  by -placing  the  eye  considerably  farther  away  than  the 
object. 

When  the  object  is  at  the  centre  the  image  is  there  also. 

Lastly,  if  the  object  be  beyond  the  centre,  we  have  an 
inverted  image  nearer  than  the  object,  and  less  than  it ;  and 
if  the  object  be  still  withdrawn,  this  inverted  image  becomes 
smaller  and  smaller,  until  it  finally  vanishes  from  the  sight. 

267.  Parabolic  Mirrors. — In  a  spherical  mirror  the  image 
of  a  point  of  light,  such  as  a  star,  is  only  brought  approxi- 
mately to  a  focus :  but  the  case  is  different  if  we  employ 
a  parabolic  mirror,  that  is  to  say,  a  mirror  whose  surface  is 
that  formed  by  the  revolution  of  a  parabola  about  its  axis. 
In  this  case,  if  a  luminous  point,  such  as  a  star,  be  placed  at 
an  infinite  distance  along  the  axis,  the  rays  which  strike  the 
mirror  will  do  so  in  lines  parallel  to  the  axis,  as  in  Fig.  TJ, 


Let  c  D  be  one  of  these  lines  striking  the  surface  at  the 
point  D,  let  E  F  denote  a  tangent  to  the  parabola,  and  let  D  f 
be  the  line  joining  D  and  the  focus  of  the  parabola. 

Now  it  is  a  well-known  property  of  the  parabola  that  in 
all  such  cases  the  angle  C  D  F  is  equal  to  the  angle  E  D/,  and 
hence  if  c  D  be  a  line  of  light  incident  on  the  surface  of  the 
parabola  at  D,  which  surface  we  may  there  suppose  to  coincide 
with  its  tangent  plane,  it  will  be  reflected  in  the  direction  D^ 
so  that  the  reflected  ray  will  pass  through  the  focus  of  the 
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parabola.  In  like  manner,  the  reflexion  of  any  other  ray  of 
light  coming  from  the  star  will  pass  through  the  geometrical 
focus  of  the  mirror.  Therefore  in  the  case  of  a  parabolic 
mirror  and  a  star  placed  along  its  axis,  the  geometrical  focus 
is  not  only  approximately,  but  strictly,  the  optical  focus. 

On  the  other  hand,  if  a  luminous  point  were  placed  in  the 
focus  of  a  parabolic  mirror,  its  rays  would  be  reflected  in 
lines  strictly  parallel  to  the  axis. 

Parabolic  mirrors  present,  therefore,  certain  advantages 
over  circular  mirrors  ;  but,  on  the  other  hand,  it  is  difficult  to 
construct  them  accurately. 

268.  Convex  Mirrors. — We  have  dwelt  on  concave 
mirrors  because  they  are  the  most  important.  We  shall  only 
state  that  in  convex  spherical  mirrors  the  foci  are  all  virtual, 
the  reflected  rays  appearing  to  proceed  from  a  point  behind 
the  mirror. 

Lesson  XXIX.— Refraction  of  Light. 

269.  Allusion  has  already  been  made  (Art.  253)  to  the 
bending  of  a  ray  as  it  passes  from  one  medium  to  another. 
This  bending  is  called  the  reflraction  of  light. 

Let  us  suppose  (Fig.  78)  that 
we  have  a  surface  of  glass,  or  I 
any    similar    transparent     sub- 
stance,    perpendicular    to    the  I 
plane  of  the  paper,  and  repre-  I 
sented  by  the  line  A  B,  also  let 
C  D  denote  a  ray  of  light  passing 
in  vacuo,  and  incident   on  this 
plane  at  D,  and  let  F  d  o,  be  a 
perpendicular  to    the   plane  at  ' 
the  same  point,  then  as  the  ray  I 
of  light    passes    from   a  rarer  I 
to  a  denser  medium,  it   will  be  ^'^  ^^' 

bent  towards  the  perpendicular,  as  we  see  in  the  figure. 
There  are  two  laws  which  regulate  the  path  of  the  refracted 
ray.    In  the  first  place ^  c  D,  D  E  are  in  the  same  plane  with 

s  2 
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F  D  G,  the  normal  to  the  plane  at  D  ;  and  in  the  next  place, 
for  the  same  medium,  whatever  be  the  incidence,  the  sine 
of  the  angle  CD  F  or  angle  of  incidence,  always  bears  a 
fixed  proportion  of  that  of  GD  F.  or  angle  of  refraction, 

270.  This  may  be  expressed  as  follows  ;  take  equal 
lengths,  c  D  D  E,  of  the  incident  and  refracted  rays,  and  drop 
c  F  and  E  G  perpendicularly  upon  the  normal,  then  for  the 
same  substance  the  ratio  between  c  F  and  G  E  will  always 
be  the  same,  whatever  be  the  direction  of  the  incident  ray. 


Fig.  79. 


Again,  if  the  ray  of  light,  instead  of  passing  from  vacuo  into 
the  medium,  passes  out  from  the  medium  into  vacuo,  we  have 
only  to  suppose  the  direction  reversed  ;  that  is  to  say,  if  E  D 
be  a  ray  in  the  substance  passing  out  at  D,  it  will  be  bent 
from,  not  towards  the  perpendicular  into  the  direction  D  a 
Another  noteworthy  point  is,  that  when  a  ray  strikes  the 
surface  of  a  medium  at  right  angles  it  suffers  no  refraction, 
for  ill  this  case  the  sine  of  the  angle  of  incidence,  or  C  D  F, 
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being  zero,  the  sine  of  the  angle  of  refraction,  or  E  D  G,  must 
also  be  zero,  that  is  to  say,  the  ray  will  continue  in  a  direc- 
tion perpendicular  to  the  surface. 

Hence  also  if  a  ray  emerge  from  a  medium  in  a  direction 
perpendicular  to  its  surface,  it  will  not  be  bent. 

871.  The  truth  of  these  laws  may  be  illustrated  experi- 
mentally by  an  apparatus  that  may  also  be  used  for  reflected 
rays. 

It  consists  of  a  graduated  vertical  circle  (Fig.  79),  having 
at  its  centre  a  small  semi-circular  cylinder  of  some  refracting 
substance,  the  upper  surface  of  which  is  horizontal.  Suppose 
now  that  a  ray,  C  D,  coming  from  a  small  aperture,  C,  at  the 
circumference  of  the  graduated  circle  is  allowed  to  strike  the 
refracting  substance  at  D,  its  centre  of  figure,  this  ray  will 
suffer  refraction  as  it  passes  into  the  substance,  but  none  as 
it  passes  out,  because  the  substance  is  a  semi-circular 
cylinder  of  which  D  is  the  centre,  and  hence  the  ray  of  light 
when  in  the  substance  will  form  a  radius  which  will  thus  be 
perpendicular  to  the  surface  of  exit,  so  that  the  ray  will 
emerge  without  a  second  refraction. 

Now  let  the  eye  or  a  screen  be  so  placed  as  to  receive  the 
ray  of  light  at  the  graduated  circle  at  some  point  E ;  next  read 
on  the  graduated  limb  the  values  of  the  angles  c  D  F  and 
E  D  G,  and  taking  their  sines,  it  will  be  found  that  these  will 
bear  a  fixed  proportion  to  each  other,  whatever  be  the  direc- 
tion of  the  incident  ray  c  D. 

In  the  next  place,  it  is  evident  that  the  incident  and  re- 
fracted rays  are  in  a  plane  perpendicular  to  the  surface,  for 
these  rays  are  in  the  plane  of  the  circle,  or  in  a  vertical  plane, 
while,  on  the  other  hand,  the  refracting  surface  is  horizontal 

fi7fi.  Index  of  Reftractlon. — We  have  seen  that  when  a 
ray  of  light  proceeding  from  vacuo  strikes  a  plane  refracting 
surface  it  is  bent,  so  that  the  sine  of  the  angle  of  incidence 
bears  for  the  same  substance  a  constant  proportion  to  that 
of  refraction,  that  is  to  say ; — 

sine  of  angle  of  incidence  ^    ^    ^^^^^^^      ^^^^ 
sine  of  angle  of  refraction 
This  quantity  is  called  the  index  of  refraction  for  the  .sub- 
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stance  in  question.  The  following  are  the  indices  of  refrac- 
tion for  some  of  the  most  important  substances : — 

Solids  and  Liquids.  Gases. 

Diamond  .     .  2*47  to  275  Hydrogen  .     .  i  000138 

Phosphorus   .     .     .    2224  Oxygen      .     .  rooo272 

Sulphur 2'ii5  Air   ....  1*000294 

Bisulphide  of  Carbon  1*678  Nitrogen    .     .  1*000300 

Flint  glass     .    .     .    1*575  Carbonic  acid  1000449 

Rock  salt  .     .     .     .    1*550  Nitrous  oxide  1*000503 

Rock  crystal.     .     .    1*548  defiant  gas   .  1*000678 

Alcohol     ....    1*374  Chlorine     .     .  1*000772 

Ether 1*358 

Water 1*336 

Ice 1*310 

873.  Total  Internal  Reflexion. — Let  us  now  suppose  a 
ray  of  light  to  strike  very  obliquely  against  the  surface  of  a 
refracting  medium,  so  as  almost  to  graze  the  surface  and 
make  an  angle  with  the  normal  equal  to  90°,  what  would 
be  the  path  of  such  a  ray  after  refraction  ?  Thus,  suppose 
that  the  index  of  refraction  of  a  substance  were  =  2,  and 
that  a  ray  entered  the  substance  in  this  fashion,  the  sine  of 
the  incident  angle  being  =  i. 

Hence  the  sine  of  the  refracted  angle  would  be  i,  because 

J  =  2  ;  that  is  to  say,  the  refracted  ray  would  make  an  angle 

with  the  normal  =  30°,  since  sin  30°  =  J.  Therefore  rays  in 
all  possible  directions  entering  the  substance  would,  after 
refraction,  be  compressed  within  a  cone  whose  sides  make 
an  angle  with  the  normal  equal  to  30''  all  round.  Hence 
also  a  ray  in  such  a  medium,  making  an  angle  with  the 
normal  equal  to  30""  or  forming  a  side  of  the  internal  cone 
of  rays,  would  emerge  into  vacuo,  so  as  just  to  graze  the 
surface.  But  what  would  happen  to  a  ray  traversing  such 
a  medium  not  embraced  within  the  cone,  but  making  an 
angle  with  the  normal  greater  than  30°,  and  therefore  having 
a  sine  greater  than  i  ?  Evidently  if  it  emerged  the  ratio  of 
I  to  2  in  the  sines  could  not  be  preserved,  for  we  cannot 
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have  a  sine  greater  than  unity.  Now  under  such  circum- 
stances the  ray  will  not  emerge  from  the  medium  at  all,  but 
there  will  be  total  internal  reflexion.  For  all  media  there  is 
an  angle  of  this  kind,  beyond  which  the  rays  will  not  emerge 
into  vacuo,  but  will  suffer  total  reflexion  from  the  surface. 
This  is  called  the  critical  angle. 

274..  We  often  see  a  reflexion  of  this  kind  from  the 
surface  of  water  in  a  vessel.  Thus  (Fig.  80)  the  reflexion  of 
an  otject  at  A  will  be  seen  at  B,  being  reflected  from  the 
surface  of  the  water  in  the  spherical  vessel. 


Fig.  80. 

Very  frequently  in  hot  chmates  the  layers  of  air  in  contact 
with  the  ground  are  more  heated  and  less  dense  than  those 
above  them,  so  that  the  angle  of  total  internal  reflexion  is 
sometimes  reached  by  the  rays  of  light  which  fall  obliquely 
upon  these  layers  from  an  object  ;  now  such  rays  after  re- 
flexion entering  the  eye  of  the  distant  observer,  will  give  an 
inverted  image  of  the  object  as  if  from  the  surface  of  a 
lake.    This  phenomenon  is  known  as  the  miratre. 

275.  Relattve  Indicc*.— Suppose  that  we  have,  in  the 
first  place,  a  platd  of  one  medium,  with  its  sides  parallel. 

A  ray  of  light  in  passing  through  such  a  plate  would  be 
bent,  as  in  Fig.  81,  but  would  ultimately  emerge  in  a  direc- 
tion E  Q',  parallel  to  its  original  direction,  P'  D.  Suppose  now 
that  we  have  two  plates,  the  upper  plate  being  of  a  medium 
less  dense  than  the  under,  and  that  we  wish  to  find  the 
relative  index  of  these  two  media ;  that  is  to  say,  we  wish 
to  estimate  the  refraction  of  a  ray  of  light  passing  from 
the  upper  to  the  under  medium. 
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Now  it  is  found  by  experiment  that  the  ultimate  emergent 
ray,  c  Q,  will  be  parallel  to  P  A.      Call  n^  the  absolute  index 

of  the  upper  medium,  that  is  to  say,  ^HL?? =;/.    Hence 

sin  B  Am'  =sm  ^  AP      j^^^  ^,  ^^  ^^iq  relative  index  for  the 

two  media,  that  is  to  say,  let  ^!^  ^  B  »  ^  ^, 

sm  c  B  « 
Finally,  let  n^,  be  the  absolute  index  of  the  lower  medium  ; 


Fig.  8i. 


that  is   to  say,  let  5HL2_E_^  =  n^.      Hence -^     ' 


sin  B  c  ^        .  sin  B  cp 

B  n  _  sin  B  A  f/t'  ^   sin  ;// 

sin  c  B  «'        sip  B  c  ^  ni 


sin  Q  c  p\ 

Now  n'  ^s'"  A  B  n  _  sin  B  A  m'  ^   sin  ;//  A  P    ^ 


^? —  ;  but  since  P  A  is  parallel  to  c  Q,  sin  w  A  P  =  sin 

sm  QCp' 

QC/',  hence  n'  =^ 

276.  Prisma.— For  optical  purposes  transparent  sub- 
stances are  often  made  into  prisms,  which  are  chiefly 
triangular. 
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Now  a  triangular  glass  prism  simply  means  a  triangular 
glass  column,  and  in  Fig.  82  this  column  is  supposed  to 
stand  perpendicularly  upon  the  plane  of  the  paper  on  the 
base  ab  c. 

The  path  of  a  ray  through  such  a  prism  is  exhibited  in 
the  figure. 


Fig.  82. 

Here  D  E  is  the  incident  ray,  and  is  first  bent  on  entering 
the  prism  towards  the  perpendicular,  assuming  now  the 
direction  E  E'.  In  emerging  from  the  prism  at  E',  it  is,  on 
the  other  hand,  bent  from  the  perpendicular  in  the  direction 
e'd'.  Thus  it  struck  the  prism  in  the  direction  D  E,  and 
finally  leaves  it  in  the  direction  E'  D',  and  the  angle  F  G  D', 
which  these  two  lines  make  with  each  other,  is  called  the 
antrle  of  deviation.  It  can  be  shown  that  when  the  angles 
D  E  ^  and  d'  e'  c  are  exactly  equal,  we  have  that  position 
of  the  prism  which  gives  us  the  minimum  deviation. 

It  can  also  be  shown  -that  if  the  angle  a  of  a,  prism  be 
greater  than  twice  the  critical  angle  (Art.  273)  of  the  sub- 
stance which  forms  the  prism,  then  the  luminous  rays  will  be 
incapable  of  passing  through  the  faces  of  the  refracting  angle 
of  the  prism,  as  in  the  figure,  but  they  will  instead  suffer 
internal  reflexion. 

For  glass  this  critical  angle  is  42°,  so  that  we  cannot 
make  use  of  a  glass  prism  of  which  the  angle  is  greater 
than  84°. 

A  hollow  prism  whose  sides  are  flat  plates  of  glass,  or 
some  similar  substance,  may  be  filled  with  a  refracting 
liquid,  so  that  we  may  have   fluid  as  well  as  solid  prisms. 
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Further  on  we  shall  see  how  important  the  prism  has  lately 
become  as  a  method  of  analysis ;  in  the  meantime  we  see 
how  a  ray  of  light  is  bent  in  passing  through  a  prism. 


r 


Lesson  XXX.— Lenses  and  other  Optical 
Instruments. 


277.  lienses. — These  are  formed  of  some  transparent 
substance,  and  have  generally  such  shapes  as  are  given  in 
the  following  figure: — 


D         E  r 


Fig.  83. 

A  is  bounded  by  two  spherical  surfaces,  and  is  called  a 
double  convex  lens  ;  B  has  one  spherical  and  one  plane 
surface,  and  is  called  a  plano-convex ;  D  is  in  like  manner 
a  double  concave^  while  E  is  a  plano-concave ;  and,  finally, 
c  is  a  converging  meniscus^  possessing  on  the  whole  the 
properties  of  a  convex  lens,  while  F  is  a  diverging  meniscus 
possessing  on  the  whole  the  properties  of  a  concave  lens. 

The  first  three  lenses.  A,  B  and  C,  are  converging  ;  that 
is  to  say,  if  a  beam  of  parallel  rays  falls  upon  one  of  these 
lenses,  the  beam  is  made  to  converge  to  a  focus  on  the  other 
side.  The  other  three  are  diverging  lenses,  inasmuch  as 
they  cause  a  beam  of  parallel  rays  to  diverge. 

The  effects  produced  by  lenses  depend  not  only  on  their 
shape,  but  on  the  materials  of  which  they  are  composed,  and 
these  effects  will  be  most  easily  understood  by  referring  to 
the  action  of  a  prism  on  a  ray  of  light.  From  Fig.  82  it 
will  be  seen  that  the  ray  of  light  is  bent  towards^  not  Jrom^ 
the  base  or  thickest  part  of  a  prism,  and  we  should  therefore 
expect  that  a  ray  of  light  should  be  bent  towards  the  thickest 
part  of  a  lens.  Now  it  will  be  noticed  that  the  lenses  A,  B, 
ind  c  are  thickest  in  the  centre,  while  D,  E,  and  F  are  thinnest 


LESS.  XXX.  RADIANT  ENERGY.  267 

in  the  centre.  Hence  if  a  beam  of  parallel  rays  (Fig.  84) 
falls  upon  a  convex  lens  such  as  A,  the  rays  will  be  bent 
towards  the  centre,  and  made  to  converge  to  some  focus,  F, 
on  the  other  side  of  the  lens,  and  this  focus  will  be  a  real 
and  not  a  virtual  focus. 


Fig.  84. 


On  the  other  hand,  if  a  beam  of  parallel  rays  (Fig.  85) 
falls  upon  a  concave  lens  it  will  diverge,  as  if  it  proceeded 
from  a  focus  not  real  but  virtual  at  F. 


Fig.  85. 

a78.  The  most  important  lens  is  the  double  convex.  We 
have  already  said  that  if  a  beam  of  parallel  rays  (Fig.  84) 
fall  upon  such  a  lens,  it  will  be  brought  to  a  focus  at  some 
point  F  :  this  focus  is  called  the  principal  focus  of  the  lens, 
and  we  may  denote  its  distance  from  the  lens  by/ 

Now  (Fig.  86)  let  a  divergent  beam  of  light  strike  upon 
a  double  convex  lens,  proceeding  from  a  point  at  a  distance 
from  the  lens  which  we  shall  call  p;  it  will  be  bent  into  a 
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focus  on  the  other  side  at  some  distance,  p\  and  the  relation 
between  these  two  distances  is   obtained  by  the  following 

formula:—-  +  — -  =  —>/ being  the  distance  from  the  lens 

P         P      f 
of  its  principal  focus. 


Fig.  86. 

We  see  from  this  formula  that  if  /  =  infinity,  or  if  the 
source  of  light  is  at  an  infinite  distance  from  the  lens,  then 

=  — J,  and  hence  p'  =  f;  that  is  to  say,  the  focus  be- 
P  J 

comes  the  principal  focus.  As,  however,  the  distance  p  of 
the  source  of  light  from  the  lens  is  diminished,  the  distance 
of  the  focus  on  the  other  side  is  increased,  until  when  the 
distance  of  the  source  becomes  equal  to  that  of  the  prin- 
cipal focus,  or  /  =  /,  we  have  in  consequence  -r,  =   o ; 

that  is  to  say,  p  is  infinite,  or  the  rays  emerge  from  the  lens 
parallel,  and  are  not  brought  to  a  focus  at  all. 

Still  diminishing  the  distance  of  the  source  of  light,   if 

p  is  less  thanyj  — ,  is  negative. 
P 

This  denotes  that  the  beam  of  light,  after  it  has  passed 
the  lens,  is  not  a  convergent  or  even  a  parallel  beam,  but 
is  divergent,  as  if  it  proceeded  from  a  virtual  focus  on  the 
same  side  of  the  lens  as  the  source  of  light  itself. 

In  fact  the  source  of  light  is  now  so  near  the  lens,  and  the 
pencil  is  in  consequence  so  divergent,  that  the  lens  cannot 
even  bend  it  into  a  parallel  beam,  but  all  it  can  do  is  to 
lessen  its  divergence.      This  peculiar  action  of  a  convex 
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lens  is  illustrated  in  Fig.  87,  where  p  denotes  the  luminous 
point,  and^'  the  virtual  focus  of  the  refracted  rays. 


Fig   87. 

It  will  be  noticed  that  p'  is  greater  than  /,  which  means 
that  although  the  lens  has  not  been  able  to  render  the  beam 
convergent,  it  has  at  any  rate  diminished  its  divergence. 

279.  Imaffes  formed  by  laenses. — We  see  by  the  follow- 
ing figure  how  to  find  the  position  and  size  of  the  image  of 
a  luminous  body  formed  by  a  double  convex  lens  : — 


Fig.  88. 

For  instance,  let  a  b  denote  a  luminous  flame  further  from 
the  lens  than  its  principal  focus.  Through  A  draw  a  line, 
A  c  a',  passing  through  c,  the  centre  of  the  lens  ;  and 
through  B  draw  in  like  manner  a  line  B  q  B',  passing  also 
through  c.  Again,  let  A'  denote  the  focus  of  the  luminous 
point  A  as  given  by  the  lens,  and  B'  the  focus  of  B  ;  hence 
a'  b'  will  be  the  image  of  the  luminous  flame  A  B.  It  will 
readily  appear  from  the  figure  that  this  image  is  real  and 
inverted,  and  that  its  size  may  be  found  as  follows  : — 

Size  of  image  is  to  size  of  object  at  A'  C  is  to  A  c.     If, 
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however,  the  luminous  flame  be  placed  nearer  the  lens  than 
its  principal  focus,  the  image,  as  in  Fig.  89,  will  be  a  magni- 
fied, erect,  and  virtual  image. 

We  thus  encounter  two  sets  of  phenomena  in  looking 
through  a  lens.  In  the  first  place,  if  we  use  the  lens  in 
order  to  view  an  object  placed  behind  it  and  nearer  than  its 
principal  focus,  we  shall  see  a  magnified  and  erect  image  of 
the  object.    This  is  the  ordinary  way  of  using:  a  lehs.     If, 


FlQ.  89. 

however,  the  object  be  much  further  away  than  the  principal 
focus,  and  if  the  eye  be  placed  further  from  the  lens  than  the 
image  of  the  object,  then  this  image  will  be  perceived  as 
inverted,  but  small.  We  may  see  this  action  of  a  lens  if  we 
view  a  distant  landscape  through  it,  at  the  same  time  placing 
the  eye  at  a  sufficient  distance  from  the  lens. 

aso.  The   chief  optical  instruments  will  now   be  very 

briefly  described.     Let  us  begin 

with  the  Camera  Obticiira.    This 

consists  of  a  small  chamber  or 

box  blackened  in  the  inside,  and 

having  a   lens   placed  in  front 

of  it. 

This  lens  receives  the  rays  of 

P»G.  90.  light  proceeding  from  the  objects 

outside,  and  an  image  of  these  objects  is  produced  in  the 

chamber    at  B  c.       If   now  a  piece  of  ground    glass  be 

placed  at  B  c,  this  image  will  be  pictured  on  the  ground  glass  ; 


< 
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or  if  a  sensitive  photographic  plate  capable  of  being  affected 
by  light,  be  introduced  instead  of  the  ground  glass,  we  shall 
be  able  to  obtain  an  impression  of  the  image  upon  it,  and  it- 
is  thus  that  portraits  are  taken  by  photography.  It  will  be 
seen  that  the  various  objects  whose  images  we  thus  obtain 
should  be  as  nearly  as  possible  at  the  same  distance  from 
the  lens,  so  that  all  their  images  may  all  attain  their  greatest 
distinctness  on  the  same  plate,  B  c  ;  for  if  an  object  be  far 
off,  its  image  will  be  brought  to  a  focus  nearer  the  lens  than 
the  image  of  an  object  close  at  hand, 

281.  The  Eye. — The  eye  may  be  compared  to  a  camera 
such  as  we  have  now  described.  The  front  part  of  it  con- 
tains a  lens,  and  there  is  a  variable  aperture  admitting  light, 
which  is  called  the  pnpil.  The  pupil  adapts  itself  in  size 
according  to  the  amount  of  light ;  if  the  field  around  be 
very  luminous  the  pupil  contracts,  so  as  to  diminish  the  light 
which  enters  the  eye ;  but  if  there  be  little  light  it  dilates. 
Now,  just  as  in  the  camera  an  image  of  the  objects  in  front 
is  formed  on  a  plate,  so  in  the  eye  an  image  of  the  surround- 
ing objects  is  formed  on  a  membrane  in  the  back  part  of  the 
eye  called  the  retina,  and  this  is  connected  with  a  nerve 
called  the  optic  nerre,  which  finally  conveys  the  impression 
to  the  brain. 

The  eye  has  a  considerable  power  of  adjustment  for 
different  distances,  so  that  if  it  be  viewing  a  near  object, 
the  image  of  which  is  thrown  exactly  on  the  retina,  and  if 
then  all  at  once  a  distant  object  be  viewed,  by  an  exercise 
of  this  power  the  eye  is  able  to  adjust  itself  so  as  to  throw 
the  image  exactly  on  the  retina.  But  sometimes  when  the 
lens  of  the  eye  is  too  convex,  distant  objects  will  not  be 
distinctly  seen,  for  the  focus  of  their  image  will  be  in  front 
of  the  retina,  and  only  near  objects  will  be  distinctly  seen ; 
a  person  in  such  a  case  is  called  shortsighted.  This  defect 
is  obviated  by  the  use  of  spectacles  formed  of  diverging 
lenses,  which  serve  to  correct  the  excessive  convergence  of 
the  lens  of  the  eye. 

On  the  other  hand,  the  lens  of  the  eye  is  sometimes  not 
convex  enough,  so  that  while  the  images  of  distant  objects  are 
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thrown  upon  the  retina,  those  of  near  objects  cannot  be 
brought  to  a  focus  within  the  eye.  In  such  a  case  the  indi- 
vidual is  said  to  be  long-sighted,  and  the  defect  is  obviated 
by  the  use  of  convex  glasses,  to  increase  the  coverging 
power  of  the  eye. 

282.  Simple  Microiicope. — An  ordinary  convex  lens  may 
be  used  as  a  means  of  magnifying  small  bodies,  and  its 
action  in  this  respect  will  be  seen  with  reference  to  Fig.  89. 
Here  the  eye  is  placed,  let  us  say,  at  the  point  E,  and  the 
object  to  be  viewed  is  placed  at  A  B,  somewhere  between  the 
lens  and  its  principal  focus  ;  the  result  is  that  we  have  an  en- 
larged virtual  image  of  the  object,  as  if  it  were  placed  at 
a'  b',  and  this  image  will  be  perceived  by  the  eye  at  E.  This 
virtual  image  must  not,  however,  be  too  near  the  eye,  other- 
wise the  eye  will  not  perceive  it  distinctly ;  for  experience 
must  convince  us  that  an  object  placed  too  close  to  the  eye 
will  not  be  distinctly  seen.  The  virtual  image  ought  not  to 
be  nearer  the  eye  than  about  six  inches  or  a  foot. 

283.  Telescope. — A  telescope  for  observing  a  star  or 
distant  object  consists  essentially  of  two  lenses,  one  an  object- 
glass,  and  the  other  an  eye-piece.     Thus,  in  Fig.  91,  let  A  B 


Fig.  91. 

be  the  distant  object  which  we  are  viewing,  and  O  the  object- 
glass.  This  glass  will  give  an  image  of  A  B  at  its  principal 
focus.  Let  us  call  this  image  a  h.  We  have  now  only  to 
view  the  image  a  b  through  a  simple  microscope  or  eye-piece, 
just  as  if  it  wete  a  real  body,  and  we  shall  thus  obtain  a 
virtual  and  magnified  image  a'  b'  of  the  distant  object. 
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Thus  the  difference  between  the  simple  microscope  and  the 
telescope  is,  that  in  the  fonner  we  scrutinize  by  a  magnifier 
the  object  itself,  while  in  the  latter  we  scrutinize  the  image  of 
the  object.  .  '/^ 

V 

Lesson  XXXI.— Dispersion  of  Light  by  the  Prism. 


We  have  hitherto  dealt  with  those  properties  which 
are  common  to  all  kinds  of  luminous  rays,  whether  they  be 
white  or  green  or  blue  or  red,  but  we  now  come  to  certain 
characteristics  which  enable  us  to  distinguish  between  different 
kinds  of  light. 

In  the  first  place,  it  is  necessary  to  know  that  those  bodies 
with  which  we  are  most  familiar  give  out  light,  which  consists 
of  a  great  many  different  kinds  all  blended  together.  There- 
fore, before  we  can  thoroughly  examine  the  character  of  the 
light  given  out  by  any  hot  substance,  we  must  devise  some 
means  of  sifting  or  separating  these  various  rays  from  one 
another,  so  as  to  know  how  many  individual  rays  we  have, 
and  what  is  the  intensity  of  each. 

We  are  all  familiar  with  the  magnificent  display  of  colours 
exhibited  by  gems,  when  rays  of  light  are  allowed  to  fall 
upon  them  in  a  particular  direction.  On  such  occasions 
they  sparkle  with  all  the  colours  of  the  rainbow,  and  this 
very  allusion  bids  us  ask  if  the  hues  of  the  rainbow  be  not 
due  to  the  same  cause  as  the  colours  of  gems.  Does  not  the 
very  name  imply  the  presence  in  the  sky  of  a  multitude  of 
minute  spheres  of  water,  such  as  would  on  the  grass  shine 
forth  like  innumerable  diamonds  ?  Are  not  all  these  displays 
due  to  the  same  cause  ;  and  if  so,  what  is  the  cause  ?  The 
discovery  of  it  is  due  to  Newton,  who  was  the  first  to  show 
that  white  light  is  in  reality  composed  of  a  great  many 
differently  coloured  rays,  and  that  these  rays  are,  in  their 
passage  through  transparent  substances,  in  certain  cases 
separated  from  each  other. 

fl85.  The  prism  gives  us  the  means  of  separating  the 
variously  coloured  constituents  of  a  compound  ray  from 
one  another. 
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Suppose,  for  instance,  that  we  have  a  narrow  vertical  slit 
in  the  shutter  of  a  dark  room,  through  which  white  sunlight 
is  allowed  to  pass.  Fig.  92  will  represent  a  ground  plan  of 
this  arrangement ;  while  the  prism  employed  is  represented 
in  elevation  in  Fig.  92^. 


Fig.  92.  Fig.  92a. 

If  we  look  towards  the  slit  S  from  E  without  a  prism,  we 
shall  see  it  lit  up  in  the  usual  manner ;  in  fact  it  will  serve  as 
an  opening  through  which  we  may  see  the  sun  beyond.  Let 
us  now,  however,  interpose  a  vertical  glass  prism  between 
our  eye  and  the  slit.  When  we  have  done  so,  the  slit  will 
no  longer  be  visible.  If,  however,  we  place  our  eye  some- 
where above  E  (as  regards  the  diagram)  we  shall  now  see 
the  light  from  the  slit.  But  it  will  not  reach  us  in  the  shape 
of  a  luminous  slit  as  formerly,  but  will  appear  as  a  broad 
band  or  ribbon  of  light  of  many  colours,  beginning  with 
red  at  the  one  end,  and  passing  gradually  and  successively 
through  orange,  yellow,  green,  blue,  and  indigo,  to  violet  at 
the  other  extremity. 

286.  All  this  may  be  very  easily  explained.  In  the  first 
place,  we  have  already  remarked  (Art.  276)  that  rays  of  light 
are  bent  in  their  passage  through  the  prism,  so  that  the  eye, 
which  was  formerly  placed  at  E,  must  now  be  placed  above 
it  in  order  to  see  the  slit.  If  all  the  rays  were  equally  bent 
by  the  prism  we  should  still  see  the  slit  as  before,  the  only 
change  being  one  of  direction  ;  but  the  great  importance  of 
the  experiment  consists  in  the  fact  that  all  the  rays  are  not 
equally  bent  as  they  pass  through  the  prism,  but  rays  of  one 
colour  are  bent  differently  from  those  of  another  colour.   This 
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different   bending    of   the    various    rays    is    termed   their 
dispcmion. 

If  the  ray  be  a  red  one,  it  will  emerge  from  the  prism  bent 
to  a  certain  extent ;  if  a  yellow  ray,  it  will  be  somewhat  more 
bent ;  if  green,  still  more,  and  so  on. 

If  the  light  which  streams  through  the  slit  be  compounded 
of  many-coloured  rays,  all  the  various  compounds  of  this  light 
may  be  viewed  separately  by  means  of  the  peculiar  dispersive 
action  of  the  prism  which  we  have  now  described. 

If,  however,  the  slit  be  wide,  its  position  due  to  one  ray 
will  overlap  that  due  to  another  ray,  and  the  result  will  be  a 
certain  blending  together  of  different  rays,  and  consequent 
imperfection  of  the  method  as  far  as  regards  separation  of 
the  various  constituents  of  the  light  of  the  slit.  It  is  therefore 
of  great  importance  in  all  such  investigations  to  make  use 
of  a  very  narrow  slit. 

It  ought  also  to  be  borne  in  mind  that  the  rays  of  light 
which  have  been  separated  to  a  certain  extent  by  one  prism 
will  be  still  more  separated  by  a  second  one,  applied  in  a 
proper  manner  behind  the  first,  and  that  we  shsdl  by  this 
means  obtain  increased  separation  for  each  additional 
prism  which  we  use. 

fl87.  An  instrument  furnished  with  prisms  for  analysing 
rays  of  light  is  called  a  Spectroscope,  and  the  following  plate 
gives  a  representation  of  a  very  powerful  instrument  of  this 
description  belonging  to  the  late  Mr.  J.  P.  Gassiot. 

The  tube  to  the  extreme  left  is  called  the  collimator.  It 
carries  at  one  end  the  slit  to  be  illuminated  by  the  light  we 
wish  to  analyse,  and  at  the  other  end  an  achromatic  convex 
lens.  The  slit  being  in  the  focus  of  the  lens  reduces  the 
divergent  rays  from  the  slit  into  parallelism  before  they 
fall  upon  the  train  of  prisms,  as  it  is  only  in  this  state  of 
things  that  we  shall  get  a  good  result. 

The  tube  to  the  extreme  right  is  an  ordinary  astronomical 
telescope,  intended  to  magnify  the  various  images  of  the  slit 
due  to  the  various  constituent  rays  that  have  passed  through 
the  train  of  prisms. 

By  an  instrument  such  as  this,  we  may  transform  the  light 
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of  the  sun  illuminating  the  slit  into  a  broad,  many-coloured 
ribbon,  10  or  11  feet  long — so  long  in  fact,  that  only  a  small 
part  of  it  can  be  seen  in  the  telescope  at  once. 

fl88.  But  to  complete  the  proof  that  white  light  is  in 
reality  composed  of  a  number  of  differently  coloured  lights 
blended  together,  it  is  necessary  not  only  to  decompose  a 
beam  of  white  light  into  its  constituents,  but  to  recombine 
these  constituents  once  more  into  white  light. 

This  may  be  done  in  several  ways.  Suppose,  for  instance, 
that  instead  of  one  prism,  we  use  two  prisms  turned  opposite 
ways,  as  in  Fig.  93.     The  first  of  these  prisms  will  separate 


Fig.  93. 


the  white  light  into  its  constituents,  and  the  second  will  re- 
unite these  into  white  light,  so  that  after  the  light  has  passed 
the  combination,  it  will  be  a  beam  similar  to  that  which 
entered,  and  pursuing  also  a  parallel  path. 

But  the  various  colours  of  the  spectrum  may  be  combined 
so  as  to  form  white  light  without  the  aid  of  any  optical 
instrument.  For  instance,  we  may  take  a  circular  disc,  of 
which  the  sectors  or  spaces  proceeding  from  the  centre  to  the 
circumference  are  coloured  according  to  the  different  colours 
of  the  spectrum  of  white  light,  and  in  the  proper  proportion, 
one  being  red,  another  orange,  another  yellow,  a  fourth  blue, 
and  so  on.  Now  cause  this  disc  to  rotate  very  rapidly,  and 
it  will  appear  to  the  eye  as  white,  the  reason  being  that,  owing 
to  the  rotation,  the  various  colours  pass  so  rapidly  before 
the  eye  that  they  are  blended  together,  and  the  impression 
received  is  that  due  to  their  joint  effect ;  that  is  to  say,  the 
disc  will  appear  white. 
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fiSO.  Here  it  may  be  asked,  how  are  we  to  compare  to- 
gether the  intensity  of  light  of  different  colours  ?  and  the 
difficulty  of  this  comparison  is  magnified  if  we  reflect  that 
there  are  some  rays  which  are  absolutely  invisible  to  the 
eye,  while  their  heating  influence  is  nevertheless  very  power- 
ful. Now,  how  are  we  to  compare  together  the  intensity 
of  a  ray  of  light  and  of  a  ray  of  dark  heat  ?  In  order  to 
answer  this  question,  let  us  suppose  that  the  rays  of  light 
which  we  wish  to  compare  are  received  upon  a  black  screen, 
which  absorbs  or  stops  all  kinds  of  radiant  light  and  heat, 
and  neither  reflects  back  any  rays,  nor  allows  any  to  pass 
through  its  substance.  What  becomes,  then,  of  the  energy 
of  these  rays,  and  into  what  is  this  converted  ?  We  answer, 
that  it  is  entirely  transmuted  into  absorbed  heat ;  the  rays, 
in  fact,  are  wholly  spent  in  heating  the  surface  upon  which 
they  have  fallen,  and  the  amount  of  this  heating  effect  is 
a  true  measure  of  the  energy  or  intensity  of  these  .rays, 
whether  they  be  visible  or  invisible,  coloured  or  white.  If 
this  heating  effect  be  very  marked,  we  may  measure  it  by 
means  of  a  thermometer,  using  for  the  purpose  the  differential 
thermometer,  already  described  (Art.  171). 

aoo.  But  it  is  desirable  to  have  a  much  more  delicate 
method  of  measuring  heating  effect  than  this.  Now  this 
desideratum  is  supplied  by  the  thermo-pUe,  the  principle  of 
which  was  first  discovered  by  Seebeck. 

In  this  instrument  it  is  an  electric  current  which  produces 
the  result,  and  we  must  anticipate  so  far  as  to  explain  that 
when  a  circuit  composed  of  two  different  metals  soldered 
together  has  one  of  its  junctions  heated,  an  electric  current 
will  be  produced.  We  ought  likewise  to  state  that  a  mag- 
netized needle  will  always,  if  free  to  move,  place  itself  at  right 
angles  to  an  electric  current.  Thus  in  Fig.  94,  let  B  repre- 
sent a  plate  of  bismuth,  and  c  c  c  a  plate  of  copper  soldered 
to  the  bismuth,  while  w  ^  is  a  magnetic  needle  delicately 
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swung,  and  so  placed  as  when  at  rest  to  lie  along  the  circuit 
in  the  direction  of  its  length.      Now  heat  the  junction  by  a 


Fig.  94. 

spirit-lamp,  and  in  virtud  of  the  electric  current  which  the 
heating  gives  rise  to,  the  marked  or  north  pole  of  the  needle 
will  be  pushed  forward  as  in  the  figure. 

fiOl.  Now,  since  our  present  object  is  to  obtain  a  very 
delicate  instrument  wherewith  to  measure  radiant  heat,  we 
must  first  of  all  obtain  as  strong  ^  _  .  _ 

a  current  as  possible  ;  secondly, 
we  must  render  it  as  effective 
as  possible  in  turning  a  magnetic 
needle  ;  and  thirdly,  we  must 
have  an  arrangement  by  which 
the  smallest  motion  of  the  needle 
may  be  rendered  visible. 

To  produce  a  strong  current 
we  solder  together  a  number  of 
pieces  of  antimony  and  bismuth, 
as  in  Fig.  95  ;  and  if  the  upper 
junctions  of  this  arrangement 
be  heated,  we  have  the  united 
effects  of  the  positive  currents  at  all  the  hot  junctions  passing 
through  the  circuit  in  the  direction  of  the  arrow-heads. 

But  in  order  to  utilize  this  current  we  must  have  a  galva- 
nometer in  the  circuit.  The  best  galvanometer  for  the  purpose 
is  that  of  Sir  W.  Thomson.  In  it  we  have,  as  in  Fig.  96,  a  very 
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small  magnet  attached  to  the  back  of  a  small  circular  flat 
mirror,  magnet  and  mirror  being  delicately  suspended  by  a 
very  fine  thread.  This  arrangement  is  surrounded  by  a  number 
of  circles  of  the  wire  which  conveys  the 
current ;  in  fact,  the  wire  of  Fig.  95  may 
be  supposed  to  be  left  loose,  so  as  to  be 
capable  of  being  wrapped  many  times 
round  the  suspension  frame  of  the  mirror 
and  needle,  taking  care  to  insulate  the 
various  folds  from  each  other.  Now, 
if  a  current  pass  through  this  coil,  it 
will  tend  to  make  the  needle  lie  at  right  angles  to  the  plane 
of  the  coil ;  but,  on  the  other  hand,  the  magnetic  attraction 
of  the  earth  will  tend  to  prevent  the  needle  moving  ;  there 
will  thus  be  a  strife  between  the  force  of  the  current  and  the 
attraction  of  the  earth,  and  the  result  will  be  that  the  needle 
will  only  move  a  small  distance  before  it  will  be  stopped. 


Fig.  96. 


Fig.  97.* 


The  magnetic  force  of  the  earth  is,  however,  overcome 
by  means  of  a  large  magnet  M  (Fig.  97),  so  placed  as  to 
counteract  the  force  of  the  earth  upon  the  small  needle  w, 

1  This  figure  is  inserted  by  the  kind  permission  of  the  late  Mr.  C  Becker,  of 
Messrs.  Elliott  Brothers,  London. 
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and  in  consequence  of  this  arrangement  a  very  small  current 
will  cause  the  needle  to  move  through  a  very  large  arc. 
Again,  any  small  motion  of  the  needle  and  mirror  is  very 
much  magnified  by  the  optical  arrangement  which  is  shown 
in  the  figure.  Light  reaches  the  mirror  m^  which  is  placed 
in  the  centre  of  G,  from  a  luminous  slit  j,  and  after  passing 
through  a  small  lens  in  the  galvanometer  this  light  is  re- 
flected back  from  the  mirror,  so  as  to  throw  on  a  graduated 
screen  an  image  if)  of  the  luminous  slit.  Now  it  is  evident 
that  a  very  small  change  of  angle  in  the  mirror  will  throw 
the  image  upon  quite  a  different  part  of  the  screen,  and  b^^*^ 
this  means  we  shall  be  able  to  detect  the  smallest  change 
in  the  position  of  the  mirror.  \L/ 

flOfl.  By  all  these  means  the  current  is  first  of  all  made 
as  strong  as  possible  ;  next,  the  needle  is  removed  as  com- 
pletely as  possible  out  of  the  directive  influence  of  the 
earth's  magnetism  ;  and  lastly,  its  motions  are  very  greatly 
magnified.  Generally  twenty-five  bismuth  and  antimony 
junctions  are  used  as  the  source  of  the  current,  forming  a 
square  surface  of  about  a  quarter  of  an  inch  each  way. 
These  junctions  are  blackened  with  lamp-black,  so  as  to 
absorb  all  kinds  of  rays,  and  upon  these  blackened  junctions 
the  radiant  heat  is  allowed  to  fall  ;  and  this  arrangement  is 
often  provided  with  a  cone  polished  in  the  inside,  which 
catches  a  larger  supply  of  rays,  and  reflects  them  inwards  to 
the  sensitive  surface. 

In  Fig.  97  the  sensitive  pile  is  furnished  on  each  surface 
with  such  a  cone,  and  if  a  radiating  body  be  placed  before 
Cy  the  needle  will  be  driven  in  one  direction  ;  but  if  before  c\ 
it  will  be  driven  in  the  opposite  direction.  The  reason  of 
this  is  very  obvious,  for  the  current  depends  upon  the  one 
set  of  junctions  being  hotter  than  the  other.  If,  therefore, 
the  same  soiu-ce  of  heat  be  put  at  the  same  time  before  c  and 
efy  there  will  be  no  motion  of  the  needle,  since  the  two  sides 
of  the  pile  will  be  equally  heated ;  in  other  words,  the  needle 
will  be  driven  in  one  direction  by  means  of  a  hot  body 
placed  before  c^  and  in  the  opposite  direction  by  means  of  a 
hot  body  placed  before  ^'. 
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It  will  be  seen  from  this  how,  by  means  of  the  pile, 
we  can  measure  with  great  delicacy  and  exactness  the  heat- 
ing effect  of  a  beam  of  radiant  heat,  whether  luminous  or 
non-luminous.  Suppose,  for  instance,  that  when  a  source  of 
radiant  heat  is  placed  before  the  pile,  the  luminous  slit  is 
made  to  move  on  the  screen  through  twenty  divisions  of 
the  scale  ;  suppose,  again,  that  when  a  different  source  of 
heat  is  presented  to  the  pile  the  index  moves  over  forty 
divisions,  then  we  should  say  that  the  heating  effect  of  the 
second  source  was  double  that  of  the  first ;  in  fine,  the  heat- 
ing effect  will  be  proportional  to  the  number  of  divisions 
which  the  index  travels  over. 

a©4.  By  the  joint  aid  of  the  spectroscope  and  the  pile  we 
can  analyse  a  beam  of  any  kind  of  light.  Suppose,  for  in- 
stance, we  have  a  narrow  slit  lit  up  by  the  sun's  light.  By 
means  of  a  lens  we  should  be  able  to  throw  an  image  of  this 
luminous  slit  upon  a  screen  ;  but  if  we  add  a  train  of  prisms 
we  shall,  instead  of  a  single  bright  image,  throw  upon  the 
screen  a  long  band  of  variously  coloured  light,  which  is  the 
solar  spectrum,  and  by  means  of  which  we  can  tell  what 
kmds  of  rays  are  present  in  the  light  which  comes  from  the 
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sun. 


If  we  now  place  a  thermo-pile  at  the  different  parts  of  the 
spectrum,  we  shall  be  enabled  by  this  means  to  estimate  the 
heating  effects  of  all   the  different  rays,  so  that   we  shall 
know  not  only  the  different  rays  that  go  to  make  up  sun- 
light, but  the  proportions  in  which  these   various  rays  are 
mixed  together.      There  is,  however,  one  weak  point  in  this 
arrangement,  for  we  cannot  be  sure  that  our  lenses  and  train 
of  prisms  do  not  absorb  some  rays  more  than  others,  so  that 
after  all  we  do  not  learn  by  means  of  the  spectroscope  and 
pile  the  true  proportion  in  which  tlie  various  rays  appear  in 
the  light  which  we  are  examining,   for  we  may  suppose  that 
some  of  the  rays  are  altogether  stopped  by  the  lenses   and 
prisms,  while  others  are  allowed  to  pass. 

It  will  therefore  be  convenient,  before  we  proceed  further, 
to   find  how  various    substances     behave  with    respect    to 
Afferent  kinds  of  ravs. 
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fi05.  Dark  Heat. — Leslie  was  one  of  the  first  to  make 
experiments  on  dark  heat,  and  he  showed  that  it  possessed 
many  of  the  properties  of  light.  His  source,  of  heat  was  a 
cubic  vessel  containing  hot  water,  and  he  found  that  the  dark 
rays  proceeding  from  it  were  reflected  by  metals  in  a  manner 
similar  to  light-giving  rays.  Melloni  afterwards  employed 
the  thermo-pile,  and  by  its  means  largely  extended  our  know- 
ledge of  these  invisible  rays.  He  found  that  glass,  water, 
alum,  and  very  many  of  those  substances  which  are  trans- 
parent for  luminous  rays,  do  not  allow  dark  rays  to  pass ; 
and,  on  the  other  hand,  he  found  that  rock-salt  is  a  sub- 
stance which  allows  all  kinds  of  rays  to  pass  with  nearly 
equal  facility.  It  will,  however,  be  seen  further  on  that  even 
rock-salt  absorbs  certain  rays. 

Having  found  the  transparency  for  heat-rays,  or  diafher- 
mancy,  as  this  is  termed,  of  rock-salt,  he  made  a  piece  of 
this  substance  into  a  lens,  and  found  that  by  this  means  the 
rays  of  dark  heat,  after  passing  through  the  lens,  were 
brought  to  a  focus  after  the  manner  of  light  rays,  from  which 
he  concluded  that  dark  heat  is  capable  of  refraction. 

The  manner  in  which  his  experiment  was  performed  is 
illustrated  by  the  following  figure,  in  which  we  see  the  rays, 


Fig.  98. 


after  passing  through  the  rock-salt  lens,  brought  to  a  focus 
at  the  sensitive  pile ;  an  electric  current  is  thus  produced 
proportional  to  the  amount  of  dark  heat  falling  on  the  pile, 
and  this  current  is  read  by  means  of  a  galvanometer. 

If  the  galvanometer  be  very  sensitive,  it  will  be  similar  to 
that  in  Fig.  97 ;  but  it  is  unnecessary  here  to  repeat  the  details 
of  the  instrument. 

Forbes  was  the  first  to  show  that  dark  heat  is  capable  of 
polarization  in  the  same  manner  as  light,  and  the  labours 
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of  other  physicists  have  only  served  to  extend  and  confirm 
the  likeness  between  dark  rays  and  luminous  ones.  It  was 
also  shown  by  Forbes  that  dark  heat  is  somewhat  less 
refrangible  than  light. 

If,  therefore,  we  have  a  spectrum^  in  which  the  violet  and 
blue  rays  lie  to  the  right,  and  the  red  rays  to  the  left,  dark 
rays  will  be  found  beyond  the  red  to  the  extreme  left. 

flOe.  We  have  thus  briefly  attempted  to  show  that  dark 
heat  possesses  all  the  physical  properties  of  light,  except 
that  it  is  somewhat  less  refrangible  than  light,  and  is  hardly 
able  to  pass  through  glass  or  water,  or  the  great  majority  of 
transparent  substances,  rock-salt  being  an  exception. 

Now  it  is  evident  from  what  has  been  said,  that  if  we  wish 
to  study  the  spectrum  of  a  heated  body,  we  must  employ 
lenses  and  prisms  of  rock-salt,  because  otherwise  a  large 
amount  of  dark  heat  will  be  absorbed. 

Supposing,  now,  that  we  have  a  heated  strip  of  coal  or 
carbon  of  which  we  wish  to  obtain  the  spectrum.  By  means 
of  a  rock-salt  lens  and  prisms,  we  may  throw  upon  a  screen 
the  true  spectrum  of  the  rays  which  issue  from  this  carbon, 
and  they  will  form  (Art.  285)  a  long  ribbon  composed  of 
rays  of  different  refrangibilities,  the  ray  of  one  refrangibility 
being  separated  from  that  of  another  refrangibility. 

Now  in  order  to  find  how  much  heat  we  have  of  some 
particular  refrangibility,  let  us  take  our  thermo-pile,  and 
narrowing  its  sensitive  part  sufficiently,  place  it  at  the  various 
parts  of  this  spectrum,  and  then  read  on  the  galvanometer 
the  heating  effect  experienced  by  the  pile ;  we  shall  thus 
know,  not  only  what  kinds  of  rays  are  given  out  by  the  heated 
strip  of  carbon,  but  how  much  heat  there  is  of  these  various 
kinds :  in  fact,  we  shall  know  all  about  the  light  and  heat 
which  the  carbon  gives  out. 

397.  Let  us  begin  by  heating  our  strip  of  carbon  to  a  heat 
below  redness:  the  spectrum  will  then  entirely  consist  of 
dark  rays  wholly  to  the  left  of  the  visible  spectrum. 

'  The  frontispiece  engraving,  giving  the  spectrum  of  the  sun,  stars,  and  nebulae, 
is  due  to  the  kindness  of  Mr.  J.  N.  Lockyer.  It  will  be  observed  that  in  it 
the  red  rays  are  towards  the  right,  while  the  chemical  rays  are  towards  the  left, 
their  positions  being  the  reverse  of  what  we  have  supposed  them  to  be  in  the 
ext. 
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As  the  temperature  rises,  the  spectrum  of  the  carbon 
gradually  extends  itself  towards  the  red,  so  that  at  last,  when 
a  low  red  heat  is  reached,  we  have  a  few  red  rays  al.ong  with 
a  much  greater  number  of  invisible  rays. 

As  the  temperature  still  continues  to  rise,  in  addition  to  the 
red  rays  a  few  orange  and  yellow  rays  are  given  out,  until, 
when  a  glowing  heat  is  reached,  we  have,  in  addition  to  the 
dark  rays,  most  of  the  colours  of  the  solar  spectrum  :  indeed, 
the  spectrum  of  the  electric  light  is  very  similar  to  that  of 
the  sun.  But  at  a  very  high  temperature  not  only  do  the  rays 
enter  the  visible  spectrum  from  the  left,  but  they  shoot,  as 
it  were,  beyond  it  to  the  right,  a  few  rays  being  given  out  of 
great  refrangibility,  lying  to  the  extreme  right  of  the  visible 
spectrum.  These  rays  are  equally  invisible  to  the  eye  with 
those  heat-rays  that  lie  to  the  left,  but  they  are  very  different 
in  other  respects.  They  are  called  chemical  or  actinic  rays, 
and  have  the  power  of  decomposing  chloride  of  silver ;  in 
fact,  they  are  the  rays  that  are  of  service  in  photography. 
Therefore,  if  we  were  to  receive  the  spectrum  of  the  sun  or 
of  the  electric  light  upon  a  photographic  plate,  we  should 
find  that  the  greatest  blackening  effect  would  lie  towards  the 
right  of  the  visible  spectrum,  while  there  would  be  none  at 
all  for  the  rays  of  dark  heat  towards  the  left.  The  properties 
of  these  actinic  rays  and  their  distribution  by  the  sun  over 


Fig.  99. 

the  earth  have  been  extensively  investigated  by  Professor  Sir 
Henry  Roscoe,of  Manchester,  and  also  by  Professor  Bunsen, 
of  Heidelberg. 

fl08.   Thus  at  a  low  temperature  we  have  from  a  black 
body,  such  as  a  strip  of  carbon,  a  number  of  rays  of  dark 


J 


286  ELEMENTARY  PHYSICS.  ^" 

heat,  but  no  luminous  or  actinic  rays.    As  the  ^^^^ys,   a- 
rises,  we  have  along  with  a  preponderance  ^^^^^i  as  tKe 
few  luminous  ones  of  the  less  refrangible  sort,  su^  ^^^^^  in 
red.     As  the  temperature  still  continues  to  nse         ^^^ous 
addition  to  the  dark  rays,  a  similar  proportion  ot       ^^^^^  of ' 
rays  of  the  visible  spectrum,  and  a  still  smaller  pr  P 
the  chemical  invisible  rays  which  lie  to  the  right.     ^^^   g^jn's 
299.    In  Fig.  99  we  have  a  ^^P^^^^^^^^'^'^'i^'LinosUy     ^^ 
visible   spectrum,   showing  the  comparative  lu      ^     ^^^^xtt 
different  parts,  while  in  Fig.  100  we  have  the  ^^^     ^{{ect  of 
as  given  by  a  rock-salt  prism,  showing  the  heating    ^^  ^^^^ 
the  various  rays.     We  see  from  this  that  while  tnc    ^^^^    ^^^ 
luminous  effect,  as  far  as  the  eye  is  ^<>^'^'''^'    ^^ergy  of 
yellow,  yet  there  is  greatest  heating  effect  or  t         ^^^^^  ^^^ 
radiation  beyond  the  visible  spectrum  to  the    ^^^^  fraction 
chemical  rays  represent  in  intensity  but  a  very 
of  the  whole  efferr 


Fig.  10^  energy  ^^P^^' 


sented  by  a  rav   f<ri^    -7   """'^  ^^'<^c^.r^f  that  tn»=  *-*/.-    .  ^^t  it  is 

Another  noLTo^^/Sn;  t't^at  M.  ^iK^S/^  T 
«  .^/./-/W^^^.  ,«^.         Thus  ^e  g-et,  at  a  ^^^^^^.^^  \o  say,  *e 
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on  without  interruption  ;  and  in  this  respect  carbon  is  a 
representative  of  liquid  and  solid  bodies  of  which  the  spectra 
are  generally  continuous,  like  that  of  carbon. 

300.  The  spectra  of  gases  are  very  different  from  those  of 
solid  bodies,  for  they  are  discontinuous,  consisting  of  one  or 
•more  bright  lines  on  a  dark  ground. 

Thus  the  spectrum  of  ignited  sodium  vapour  (see  frontis- 
piece) consists  of  two  bright  yellow  rays  very  near  one 
another  in  spectral  position,  forming  what  is  called  the 
double  line  D.  In  like  manner  the  spectrum  of  thallium 
consists  almost  entirely  of  one  intensely  green  line.  The  light 
from  burning  sodium  is  as  nearly  as  possible  mono-chro- 
matic, and  all  things  seen  by  its  light  are  either  black  or 
yellow,  for  a  coloured  body  will  not  appear  in  its  true  colour 
unless  those  colours  are  present  in  the  light  by  which  it  is 
viewed. 

It  forms  a  striking  proof  of  this  to  put  a  little  bit  of  metallic 
sodium  into  an  iron  spoon,  and  heat  it  over  a  spirit-flame  in 
a  dark  room,  when  it  will  soon  take  fire  and  bum,  and  every- 
thing in  the  room  will  either  appear  black  or  of  a  ghastly 
yellow  colour. 

We  are  enabled  by  means  of  electricity  to  obtain  even 
the  most  refractory  substances  in  a  state  of  vapour  :  thus,  for 
instance,  when  the  electric  spark  passes  from  iron  into  the 
air,  the  flash  seen  consists  of  a  few  particles  of  highly-heated 
iron  vapour ;  and  the  same  holds  for  other  metals.  Now  we 
can  analyse  these  sparks  by  means  of  the  spectroscope,  and 
thus  tell  the  nature  of  the  light  which  they  emit,  and  we  find 
that  they  all  give  a  discontinuous  spectrum. 

In  like  manner  the  spectra  of  the  elementary  gases  are  dis- 
continuous, from  which  we  see  that  bodies  in  a  state  of 
vapour  are  very  different  from  solids  and  liquids,  as  respects 
the  light  which  they  give  out. 
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Lesson  XXXI I  L— Radiation  and  Absorption. 

301.  We  have  hitherto  chiefly  confined  our  remarks  to  the 
radiation  of  carbon  at  different  temperatures  ;  and  taking 
that  substance  as  the  type  of  solids,  and  comparing  its  radia- 
tion with  that  from  incandescent  gases,  we  have  found  a  very 
great  and  striking  difference  between  the  two  classes  of 
spectra,  that  of  carbon  being  continuous,  while  those  of  gases 
are  discontinuous.  We  shall  now  endeavour  to  connect  the 
radiative  properties  of  bodies  with  their  absorptive  properties. 

Let  us  begin  with  the  temperature  of  boiling  water,  or 
1 00°  Cent.  Let  us  now,  therefore,  suppose  that  we  have  a 
large  thermometer  at  this  temperature  hung  up  in  a  room 
having  the  temperature  of  melting  ice.  The  thermometer 
will  lose  heat  in  two  ways  ;  by  convection  on  account  of  the 
air  which  surrounds  it,  and  which  is  continually  carried  off 
and  renewed,  and  also  by  radiation.  But  in  order  to  confine 
our  thoughts  to  the  latter  process,  let  us  suppose  that  the 
chamber  is  a  vacuum.  Now,  in  the  first  place,  let  the  out- 
side of  the  glass  bulb  of  the  thermometer  be  coated  with  a 
thin  coating  of  polished  silver,  and  let  us  ascertain  how  much 
heat  it  radiates  in  one  minute.  Next  let  the  bulb  be  coated 
with  lamp-black,  the  same  experiment  being  repeated,  that  is 
to  say,  the  thermometer  at  100°  C.  being  allowed  to  cool  for 
one  minute  in  a  vacuum  chamber  of  0°.  It  will  be  found 
that  the  bulb  now  radiates  in  a  minute  very  much  more  heat 
than  it  did  when  coated  with  silver.  Next,  let  the  glass  bulb 
be  left  uncovered,  and  the  thermometer  will  still  be  found  to 
radiate  almost  as  much  as  when  the  bulb  was  covered  with 
lamp-black.  Finally,  let  it  be  covered  with  white  paper,  and 
its  radiation  will  still  be  found  to  be  almost  equally  great. 
We  are  thus  entitled  to  say  that  at  100°  C.  a  blackened 
surface,  or  one  of  glass  or  white  paper,  radiates  much  more 
than  a  surface  of  polished  silver,  and  we  may  thus  construct 
a  table  of  the  comparative  radiating  powers  of  bodies  heated 
to  100°  C,  at  the  top  of  which  we  may  put  a  lamp-black 
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surface,  a  surface  of  glass,  and  one  of  white  paper,  and  much 
lower  down  one  of  silver,  which  is  a  very  bad  radiator.  Our 
table  of  radiating  substances  for  heat  of  low  temperature 
will  therefore  stand  thus  : — 

f  Lamp-black  surface. 
Good  radiators  ...      -J  Glass  „ 

(  White  paper     „ 
Bad  radiator  ....        Polished  silver  „ 

3oa.  Suppose  now  that  the  thermometer  is  at  0°,  and  is 
carried  into  a  vacuum  chamber  of  the  temperature  of  100°, 
this  being  the  reverse  of  the  previous  process  ;  in  the  first 
place,  let  the  bulb,  as  before,  be  coated  on  the  outside  with  a 
coating  of  silver  ;  it  will  absorb  a  certain  quantity  of  heat  in 
one  minute  ;  observe  how  much.  Next,  blacken  the  bulb 
with  lamp-black,  repeat  the  experiment,  and  measure  the 
absorption  which  takes  places  in  one  minute  as  before  ;  the 
absorbing  power  of  the  thermometer  will  now  be  considerably 
increased.  Again,  if  the  coating  be  entirely  removed,  and 
nothing  left  above  the  glass  bulb,  it  will  be  found  that  the 
absorbing  power  of  the  glass  bulb  is  almost  as  great  as  that 
of  the  blackened  bulb,  and  the  same  result  will  be  obtained  if 
the  bulb  be  covered  with  white  paper.  We  may  thus  con- 
struct a  table  of  the  coiriparative  absorbing  powers  of  various 
bodies  of  heat  of  100°,  at  the  head  of  which  we  may  place 
a  lamp-black  surface,  a  surface  of  glass,  and  one  of  white 
paper,  and  much  further  down,  one  of  polished  silver. 

Our  table  of  bodies  which  absorb  heat  of  100°  will  there- 
fore stand  thus  : — 

{Lamp-black  surface. 
Glass  „ 

White  paper  „ 
Bad  absorbents  .  .  Polished  silver  „ 
303.  If  these  two  tables,  the  one  of  radiators  and  the 
other  of  absorbents,  be  now  compared  together,  they  will  be 
found  to  be  identical  ;  so  that  the  blackened  thermometer 
at  100°  will,  in  the  first  case,  cool  much  more  rapidly  than 
the  silvered  one  when  transferred  to  the  chamber  at  0°, 
on  account   of  its  superior  radiation,  and  will  also,  in  the 
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second  case,  starting  from  o°,  become  heated  much  more 
rapidly  than  the  silvered  one  when  transferred  to  a  chamber 
of  1 00°.  In  fine,  good  radiators  are  also  good  absorbents ; 
bad  radiators,  bad  absorbents.  It  is  worthy  of  remark, 
before  proceeding  further,  that  surfaces  behave  very  differ- 
ently in  their  absorbing  power  for  different  rays.  White 
paper  and  glass,  as  we  have  seen,  are  both  very  strong 
absorbents  of  low  temperature  heat,  while  both  of  them  are 
manifestly  non-absorbents  of  luminous  rays. 

Extending  these  considerations  to  visible  rays  proceeding 
from  bodies  of  high  temperature,  they  furnish  us  with  some 
very  interesting  and  instructive  experiments,  which  will  now 
be  described. 

Experiment  1. — Take  a  porcelain  plate  of  black  and 
white  pattern  (the  black  of  the  pattern  will  of  course  be  a 
strong  absorbent  of  luminous  rays,  while  the  white  will  be 
a  less  powerful  absorbent).  Heat  it  to  a  good  red  or  white 
heat  in  the  fire,  and  when  so  heated,  take  it  out  and  rapidly 
carry  it  to  a  dark  place ;  the  black  will  appear  much  more 
brilliant  than  the  white,  presenting  a  very  curious  reversal 
of  the  pattern. 

Experiment  II. — Take  a  piece  of  polished  platinum  foil 
and  make  an  ink-mark  upon  it.  Bring  this  foil  to  a  red 
heat  with  the  flame  of  a  Bunsen's  burner  in  a  dark  room, 
and  the  ink-mark  will  shine  out  much  more  brightly  than 
the  polished  platinum. 

Experiment  III. — Make  a  white  mark  on  a  black  poker 
with  a  piece  of  chalk  ;  when  heated  to  a  good  red  heat, 
examine  it  in  the  dark,  and  the  chalk  will  shine  out  less 
brightly  than  the  rest  of  the  poker. 

These  experiments  might  be  multiplied  indefinitely,  all 
tending  to  show  that  bodies  which  when  cold,  are  good 
absorbents,  are,  when  hot,  good  radiators  ;  and  the  observa- 
tion may  be  extended  to  plates  of  various  thicknesses  as 
well  as  to  mere  surfaces.  Thus  a  polished  plate  of  rock- 
salt  absorbs  very  little  heat  of  low  temperature  (Art.  295), 
and  when  heated  to  100°  C.  it  is  found  also  to  give  out  very 
little  heat.      In  like  manner  a  piece  of  transparent  colourless 
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glass  which  absorbs  very  little  light,  will,  when  heated  in  the 
fire,  and  quickly  examined  in  the  dark,  be  found  to  give  out 
very  little  light ;  while  on  the  other  hand,  a  piece  of  opaque 
glass  treated  in  the  same  way  will  give  out  a  great  deal  of  light. 

In  like  manner  a  film  or  stratum  of  air  is  well  known  to 
absorb  little  light  or  heat  of  any  kind,  and  so  when  heated 
it  hardly  gives  out  any. 

We  may  now  generalize  our  conclusions  by  the  statement, 
that  opaque  and  non-reflecting  solid  or  liquid  particles  are  at 
once  good  radiators  and  good  absorbents  for  most  kinds  of 
rays;  while^  on  the  other  hand^  polished  metallic  surfaces^ 
and  more  especially  films  of  gas^  such  as  air,  absorb  and 
radiate  very  little  either  of  light  or  heat, 

304>.  It  has  been  mentioned  incidentally  that  surfaces  or 
plates  do  not  behave  in  the  same  manner  with  regard  to 
different  kinds  of  rays  ;  let  us  now  dwell  at  greater  length 
on  this  point,  for  it  is  perhaps  the  most  important  of  the 
whole  subject.  White  paper,  it  was  seen,  was  a  strong  ab- 
sorbent for  heat  of  low  temperature,  while  it  is  evidently  not 
so  for  luminous  rays,  for  the  very  reason  that  it  appears  white. 

In  like  manner  the  uncovered  glass  of  the  bulb  of  a  ther- 
mometer was  found  to  be  a  strong  absorbent  for  low 
temperature  heat,  but  it  is  evidently  not.  so  for  luminous 
rays.  To  prove  this,  we  have  only  to  hold  a  thermometer 
in  the  sun,  and  we  shall  be  dazzled  with  the  light  reflected 
from  its  bright  mercurial  surface,  which  only  reaches  the 
eye  after  it  has  twice  passed  through  the  glass. 

Even  within  the  limits  of  the  visible  spectrum  we  have, 
as  a  common  occurrence,  substances  which  absorb  certain 
rays  and  allow  others  to  pass.  For  what  is  it  that  makes 
the  leaves  of  plants  appear  green  ?  Is  it  not  that  they 
absorb  all  the  various  constituents  of  sunlight  except  the 
green,  which  they  allow  to  be  reflected  ?  In  fine,  all  coloured 
substances  are  substances  which  behave  in  a  partial 
manner  with  respect  to  the  visible  rays,  and  if  we  had  no 
such  partial  absorption  we  should  be  deprived  of  one  great 
source  of  beauty  in  nature. 

Coloured  glasses  afford  a  very  familiar  illustration  of  this 

u  2 
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selective  or  partial  absorption.  A  green  glass  absorbs  all, 
or  nearly  all,  the  red  rays  which  fall  upon  it,  allowing  the 
green  to  pass  ;  on  the  other  hand,  a  red  glass  absorbs  nearly 
all  the  green,  and  allows  the  red  to  pass,  'i  hus  we  see  that 
surfaces  or  plates  which  behave  in  one  way  with  respect  to 
dark  rays,  may  behave  differently  with  regard  to  luminous 
ones  ;  nay  further,  a  substance  that  behaves  in  one  way  with 
regard  to  a  luminous  ray  of  one  colour,  may  behave  in  a 
different  way  with  regard  to  a  luminous  ray  of  another  colour. 
We  have  stated  generally  that  good  radiators  are  good  absor- 
bents ;  but  in  view  of  the  fact  that  bodies  select  or  choose  the 
rays  which  they  absorb,  this  statement  must  be  extended,  and 
we  now  assert  that  bodies  when  cold  absorb  the  same  kind 
of  rays  that  they  give  out  when  heated.  It  will  be  desirable 
now  to  give  some  experimental  proofs  of  this. 

305.  Experiment  I. — Rock-salt  when  heated  to  ioo°  gives 
out  that  peculiar  kind  of  heat  which  is  greedily  absorbed 
by  a  cold  plate  of  rock-salt.  To  prove  this,  heat  a  thin 
plate  of  rock-salt  to  ioo°,  and  allow  the  heat  from  it  to  fall  upon 
an  appropriate  instrument  for  measuring  such  heat,  but  only 
after  it  has  passed  through  a  cold  plate  of  the  same  material ; 
now  this  cold  plate  will  be  found  to  have  stopped  at  least 
three-quarters  of.  the  heat  which  falls  upon  it,  while  it  will 
only  stop  a  very  small  percentage  of  any  other  kind  of  heat. 

Experiment  II.— Red  glass  stops  the  green  rays.  Now 
heat  a  piece  of  ruby-coloured  glass  to  a  white-heat  in  the 
fire  ;  if  examined  in  the  dark  it  will  be  found  to  give  out  a 
greenish  light,  being  the  same  sort  of  light  that  it  absorbs. 
Next  heat  a  piece  of  green  or  blue  glass,  which  absorbs  red 
rays,  and  its  light,  when  viewed  in  the  dark,  will  be  found 
to  be  particularly  red,  l)eing,  as  before,  the  kind  of  light 
which  it  absorbs  when  cold. 

Experiment  III. — Make  a  spectrum  of  the  electric  light 
after  the  method  already  described,  and  hold  burning  sodium 
between  the  electric  lamp  and  the  slit ;  it  will  be  found  to 
produce  a  comparatively  dark  band  in  the  spectrum.  Next 
stop  the  electric  discharge  while  the  sodium  is  still  burning ; 
the  same  band  will  now  appear  luminous  ;  that  is  to  say,  the 
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sodium  which,  being  comparatively  cold  when  compared  to 
the  temperature  of  the  electric  light,  stops  one  of  its  rays, 
gives  out  when  heated  this  very  ray  on  its  own  account.  All 
these  experiments  tend  to  show,  as  a  matter  of  fact,  that 
bodies  when  cold,  or  comparatively  so,  absorb  the  same  rays 
which  they  give  out  when  heated. 

306,  Our  readers  must  now  permit  us  to  transport  them 
in  imagination  to  a  white-hot  chamber,  kept  uniformly 
at  this  temperature ;  such,  for  instance,  as  one  of  those 
chambers  in  which  glass  vessels  are  annealed.  We  will 
suppose  it  to  be  shut  in  closely  with  walls  on  all  sides,  with 
the  exception  of  a  small  opening  through  which  we  can 
either  introduce  anything  into  the  chamber,  or  if  we  choose, 
see  what  is  going  on  inside. 

Let  us  introduce  polished  platinum  marked  with  ink,  or 
coal,  or  black  and  white  porcelain,  or  red  glass,  or  green 
glass,  or  transparent  glass,  or  black  glass.  When  left  suffi- 
ciently long,  until  they  have  acquired  the  temperature  of  the 
walls  of  the  chamber,  if  we  look  in  through  the  small  hole, 
we  shall  see  no  apparent  difference  between  the  light  coming 
from  these  various  substances  and  that  from  the  walls  of  the 
chamber ;  in  fact,  everything  will  appear  to  be  of  the  same 
uniform  white-heat.  If,  however,  we  hastily  withdraw  these 
various  substances,  and,  without  allowing  them  time  to  cool, 
examine  them  in  the  dark,  we  shall  find,  as  already  men- 
tioned, a  great  variety  in  the  appearances  which  they  present ; 
the  colourless  glass  and  the  polished  platinum  will  give  out 
very  little  light,  the  coal  and  the  black  of  the  porcelain  a 
great  deal. 

These  two  facts  may  be  reconciled  with  one  another  in 
the  following  manner.  Let  us  take  the  transparent  glass  ; 
this  gives  out  very  little  light  on  its  own  account,  but,  on  the 
other  hand,  it  stops  very  little  of  that  which  reaches  the  eye 
from  the  white-hot  wall  behind  it,  being  eminently  trans- 
parent for  such  light.  If  we  suppose  that  the  rays  from  the 
wall  are  as  much  recruited  by  the  light  given  out  by  the 
glass  on  its  own  account,  as  they  are  absorbed  by  its  sub- 
stance, then  we  shall  have  an  explanation  of  the  fact  that 
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the  combined  radiation  of  the  glass  and  the  wall  is  no 
greater  than  that  of  the  wall  itself  had  there  been  no  glass 
there.  The  polished  platinum,  in  like  manner,  gives  out 
little  light  on  its  own  account,  but  when  in  the  white-hot 
chamber  it  reflects  copiously  the  light  which  reaches  it  from 
the  walls,  so  that,  to  an  observer  viewing  it  through  the 
small  opening,  it  will  have  so  completely  supplemented  its 
deficient  radiation  by  its  great  reflexion,  that  altogether  it 
will  appear  equally  bright  with  the  wall  itself. 

Applying  this  explanation  to  the  various  substances  which 
we  have  introduced  into  the  white-hot  chamber,  we  see  at  once 
why  they  cause  no  change  in  the  intensity  of  the  light  that 
reaches  the  eye  placed  at  the  opening ;  for  although,  no 
doubt,  it  is  only  in  the  case  of  the  black  substance,  such  as 
coal  or  black  porcelain,  that  all  the  light  comes  from  the 
substance  itself :  yet  in  the  other  case,  what  the  substance 
wants  in  radiating  power  it  makes  up  by  allowing  to  pass 
either  through  its  substance,  as  in  the  case  of  transparent 
glass,  or  from  its  surface,  as  in  the  case  of  polished  platinum 
and  white  porcelain,  what  is  deficient  in  its  own  radiation. 

307.  But  let  us  now  further  consider  for  a  moment  the 
red  and  green  glass  which  we  have  introduced  into  this 
chamber.  As  we  view  them  from  the  opening  we  are  at 
a  loss  to  distinguish  which  is  the  red  and  which  is  the  green, 
they  have  so  absolutely  and  entirely  lost  their  colour.  Nor 
have  we  far  to  seek  for  an  explanation  of  this.  The  red 
glass  absorbs  the  whitish  or  greenish  rays  from  the  heated 
chamber  behind  it,  but  in  return  it  gives  out  on  its  own 
account  an  equal  amount  of  rays,  and  these  of  precisely  the 
same  kind  as  it  has  absorbed,  so  that  the  light  from  the  wall 
behind,  in  passing  through  the  glass,  is  just  as  much  recruited 
as  it  is  absorbed,  and  this  equality  holds  for  every  individual 
kind  of  ray  which  goes  to  compose  this  light,  and  thus  it 
happens  that  the  combined  radiation  of  the  wall  and  the  red 
glass  is  precisely  the  same  both  in  quantity  and  in  quality  as 
if  there  were  no  glass. 

The  same  principles  apply  to  the  green  glass.  It  absorbs 
the  reddish  rays  from  the  wall,  but  it  gives  out  an  equivalent 
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both  in  quality  and  quantity  for  the  rays  which  it  absorbs,  so 
that  the  absorption  is  virtually  cancelled,  and  the  combined 
result  of  wall  and  green  glass  is,  as  before,  the  same  as  if 
there  were  no  glass.    We  thus  see  that  all  substances  of  all 
kinds,  when  placed  in  a  room  of  uniform  temperature  and 
allowed  to  remain  until  they  have  attained  the  temperature 
of  the  enclosure,  will  absorb  just  as  much  as  they  give  out ; 
and  that  this  equality  between  absorption  and  radiation  will 
hold  good  for  every  individual  ray  of  which  the  heterogene- 
ous radiation  of  the  heated  walls  is  composed.     (By  indivi- 
dual rays,  we  mean  the  various  rays  into  which  the  whole 
radiation  may  be  split  up  by  means  of  the  spectroscope.) 
All  that  we  have  now  said  has  been  built  upon  the  hypo- 
thesis that  the  substances  are  in  an  enclosure,  let  us  say  a 
white-hot  one,  of  the  same  temperature  as  themselves,  and 
if  we  cannot  easily  command  such  a  field  of  white  heat,  yet 
the  centre  of  a  good  fire  is  a  very  near  approximation  ;  and 
if  we  introduce  into   such   a  fire   a  number  of  pieces   of 
variously  coloured  glass,  and  exclude  from  the  room  all  sun- 
light or  gaslight,  we  shall  find  their  colour  vanish  when  once"  "" 
they  have  reached  the  temperature  of  the  fire.  i^ 

308.  Again,  it  ought  to  be  borne  in  mind  that  such  bodies 
as  glass  lose  their  characteristic  radiating  peculiarities  only 
when  they  remain  in  such  an  enclosure,  for  when  taken  out 
of  it  and  viewed  in  the  dark,  they  resume  those  peculiarities  ; 
thus  the  colourless  glass  gives  out  very  little  light,  the  coal 
and  black  porcelain  a  gr^at  deal.     Indeed,  it  is  only  the 
light  from  a  black  body  that  represents  by  itself  the  bright- 
ness of  the  enclosure,  and  such  a  body,  when  taken  out  and 
hastily  examined  in  the  dark,  without  allowing  it  time  to 
cool,  will  be  found  to  give  out  rays  having  a  brightness  in 
all  respects  the  same  as  that  of  the  enclosure  in  which  it 
was  placed,  because,  being  opaque  and  non-reflective,  all  the 
light  which  it  gave  out  in  the  enclosure  was  proper  to  itself 
none  having  passed  through  its  substance  or  been  reflected 
from  its  surface ;  it  therefore  retains  this  light  when  taW 
into  the  dark,  provided  its  temperature  is  not  in  the  m    ^^ 
time  allowed  to  fall.  ^^^- 
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300.  Thus  we  have  arrived  at  the  conclusion  that  the 
heat  from  a  heated  black  body  represents  truly  the  whole 
heat  due  to  the  temperature  of  that  body,  so  that  were  we  to 
heat  a  piece  of  coal  or  black  porcelain  to  the  temperature 
say  of  2,000°,  we  should  obtain  from  it  the  maximum  amount 
of  heat  and  light  which  any  substance  at  that  temperature 
could  possibly  give  out ;  and  not  only  so,  but  if  we  separate 
from  each  other  by  means  of  a  spectroscope  the  individual 
rays  given  out  by  a  black  body,  any  one  of  these  individual 
rays  will  represent  in  intensity  the  greatest  possible  amount 
of  light  of  this  description  that  can  be  given  out  by  a  body 
at  2,000°. 

Viewing,  therefore,  a  black  -body  as  the  standard  or 
typical  radiator,  we  derive  through  its  means  a  very  simple 
method  of  knowing  whether  or  not  one  body  is  hotter  or 
colder  than  another.  Taking  a  white-hot  black  body,  such 
as  the  coal  in  a  fire,  let  us  place  between  it  and  the  eyes 
a  burning  light ;  now  if  the  combined  rays  from  the  coal 
and  the  light  are  more  intense  than  the  adjacent  light  from 
the  coal  alone,  we  may  be  certain  that  the  light  is  of  a 
higher  temperature  than. the  coal — if  less  intense,  then. we 
may  be  sure  that  the  light  is  of  a  lower  temperature  than 
the  coal. 

We  shall  improve  the  accuracy  of  our  determination  by 
employing  a  spectroscope,  in  order  to  analyse  the  rays  from 
the  coal.  If  we  put  before  the  slit  of  our  spectroscope  the 
flame  in  question,  and  if  in  consequence  any  part  of  that 
broad  band  of  variously  coloured  light  which  denotes  the  spec- 
trum of  the  fire  be  increased  in  brilliancy  by  the  flame,  then 
we  may  be  sure  that  the  flame  is  hotter  than  the  fire  ;  and 
if  any  portion  of  this  broad  band  be  diminished  in  brilliancy, 
then  we  may  be  sure  that  the  flame  is  colder  than  the  fire. 

Suppose,  for  instance,  that  we  wished  to  compare  together 
the  temperature  of  the  fire  and  that  of  some  incandescent 
sodium  vapour.  We  should,  in  such  a  case,  place  the  in- 
candescent sodium  vapour  between  the  fire  and  the  slit  of 
our  spectroscope.  If  the  sodium  vapour  were  of  a  higher 
temperature  than  the  fire,  we  should  see  the  double  line  D 
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(Art.  305)  brighter  than  the  rest  in  the  midst  of  a  spectrum 
otherwise  continuous,  but  if  it  were  of  a  lower  temperature, 
as,  for  instance,  if  the  sodium  vapour  were  slightly  heated 
in  a  sealed  tube,  we  should  see  the  double  line  D  darker  than 
the  rest  in  the  midst  of  the  continuous  spectrum. 

310,  Suppose  now  that  we  were  previously  ignorant  of 
the  chemical  nature  of  the  substance  which  we  had  placed 
before  the  fire,  we  should  at  once  recognise  what  it  was  by 
the  position  of  these  dark  lines.  Were  it  sodium,  we  should . 
have  two  dark  lines  corresponding  in  position  to  the  double 
line  D  ;  were  it  hydrogen,  we  should  have  its  own  appro- 
priate dark  lines ;  and  we  should  find  that  the  lines  due  to 
one  gas  always  differ  in  position  from  those  due  to  another. 
Kirchhoff,  a  distinguished  German  philosopher,  has  applied 
these  principles  with  great  success  in  determining  the  sub- 
stances which  exist  in  the  sun  and  stars,  and  he  has  been 
followed  in  this  country  by  Huggins  and  Lockyer. 

311.  If  we  throw  upon  the  slit  of  our  spectroscope  an 
image  of  the  sun  or  of  one  of  the  stars,  with  the  view  of 
obtaining  its  spectrum,  we  find  a  large  number  of  black  or 
dark  lines  in  a  spectrum  otherwise  continuous,  and  we  argue 
from  this  that  in  the  sun  or  stars  we  start  with  a  solid  or 
liquid  substance,  or  at  any  rate  with  some  substance  which 
gives  us  a  continuous  spectrum,  and  that  between  this  and 
the  eye  we  have,  forming  a  solar  or  stellar  atmosphere,  a 
layer  of  gases  or  vapours  of  a  comparatively  low  tempera- 
ture, each  of  which  produces  its  appropriate  spectral  lines, 
only  dark  on  account  of  the  temperature  of  the  vapours 
being  lower  than  that  of  the  substance  which  gives  the  con- 
tinuous spectrum.  It  thus  becomes  a  point  of  great  interest 
to  know  whether  these  black  lines  correspond  in  position 
with  the  bright  spectral  lines  given  out  by  known  tenestrial 
substances  in  the  state  of  vapour. 

On  inquiry  we  find  that  they  do  so,  and  that  we  have  present 
in  the  sun  in  the  state  of  vapour  the  following  substances 
amongst  others :  sodium,  iron,  nickel,  calcium,  magnesium 
barium,  copper,  zinc  ;  while  in  Aldebaran,  Messrs.  Huggins 
and  Miller  have  detected  the  presence  of  sodium,  magnesium 
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hydrogen,  calcium,  iron,  bismuth,  lithium,  antimony,  and 
mercury,  and  other  elements  in  other  stars. 

312.  Other  Phenomena  of  Absorption. — We  have  seen 
how  absorption  may  become  the  means  of  our  detecting  the 
nature  of  the  substances  which  exist  in  the  sun  and  stars, 
and  we  can  only  now  allude  very  briefly  to  other  phenomena 
connected  with  this  subject. 

313.  Absorption   of    Gases   for    Dark   Heat. — Professor 
.Tyndall  has  investigated  the  absorption  of  various  gases 

for  dark  heat,  and  has  derived  from  his  experiments  the 
following  results  : — 

Comparative  Absorption  of  various  Gasbs,  each  op  the  Pressure  of 
ONE  Inch. 


Air  .  .  . 
Oxygen  .  . 
Nitrogen  . 
Hydrogen  . 
Chlorine 
Bromine  . 
Hydrobromic  acid 


I  Carbonic  oxide  .     .     .750 

I  Nitric  oxide       .     .     .  1590 

I  Nitrous  oxide     .     .     .  i860 

I  Sulphide  of  hydrogen  2100 

60  Ammonia      ....  7260 

160  Olefiantgas  ....  7950 

1005  Sulphurous  acid      .     .  8800 


From  this  we  may  conclude  that  the  absorption  of  the 
elementary  gases  for  dark  heat  is  less  than  that  of  the 
compound  gases,  and  we  might  therefore  expect  that  the 
absorption  of  the  atmospheric  air  for  heat  of  any  kind 
should  be  very  small.  Nevertheless  this  conclusion  would 
not  be  correct ;  for  Tyndall  has  shown  that  the  aqueous 
vapour  which  is  always  present  in  the  atmosphere  absorbs 
a  very  large  amount  of  dark  heat,  while  it  allows  the  rays 
of  the  sun  to  pass  with  scarcely  any  diminution. 

The  result  is,  that  we  have  nearly  the  full  effect  of  the 
sun's  rays  in  heating  the  earth,  but  once  the  earth  has  been 
heated  this  terrestrial  heat  cannot  easily  pass  out  through 
the  aqueous  vapour  of  the  atmosphere  into  empty  space, 
but  as  it  consists  of  dark  rays  it  is  stopped  thereby ;  thus 
the  aqueous  vapour  acts  like  a  trap  in  allowing  the  sun's 
rays  to  pass  in  and  heat  the  earth,  while  it  prevents  the  heat 
^f  the  earth  from  passing  outwards  into  space.      The  earth's 
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surface  is  by  this  means  kept  much  hotter  than  it  would 
otherwise  be. 

314>.  The  laws  of  radiation  explain  the  deposition  of 
dew.  In  a  clear  still  night  the  leaves  of  plants,  which  are 
good  radiators,  give  out  a  great  deal  of  their  heat  into  the 
upper  regions  of  the  atmosphere  and  into  space,  and  become 
thereby  colder,  cooling  also  the  particles  of  air  in  contact 
with  them.  These  particles  at  last  reach  a  temperature  at 
which  they  can  no  longer  retain  their  aqueous  vapour,  but 
must  deposit  it  on  the  leaves  ;  and  this  is  the  origin  of  dew. 
Dew  is  not  deposited  in  a  cloudy  night,  because  the  leaves 
get  back  from  the  clouds  nearly  as  much  heat  as  they  give 
out ;  in  fine,  it  is  necessary  for  the  deposition  of  dew  that 
there  should  be  a  free  outlook  into  space,  so  that  the  cooling 
process  of  radiation  should  go  on  without  compensation  and 
without  interruption. 

315.  Pliosphorescence  and  Fluorescence. — If  we  take  a 
tube  containing  powdered  sulphide  of  calcium,  or  sulphide 
of  strontium,  expose  it  to  the  sun's  rays,  and  afterwards  view 
it  in  the  dark,  it  will  be  found  to  emit  light  for  several  hours. 
The  luminosity  is  probably  due  to  some  modification  in  the 
molecular  state  of  the  body  which  is  caused  by  the  sun's 
rays.  The  same  thing  may  be  observed  in  many  diamonds, 
in  fluor  spar,  arragonite,  chalk,  heavy  spar,  and  other 
minerals,  the  luminosity  in  some  cases  lasting  a  long  time, 
but  in  other  cases  disappearing  in  a  few  seconds :  this 
exhibition  of  light  is  called  phosphorescence. 

A  similar  phenomenon  happens  in  certain  liquids.  Thus 
if  the  sun's  rays  be  allowed  to  strike  on  a  solution  of 
quinine,  which  is  really  a  colourless  transparent  liquid,  we 
find  that  it  exhibits  a  beautiful  blue  colour,  which  disappears, 
however,  when  the  light  is  withdrawn ;  this  phenomenon  has 
been  called  fluorescence. 

Professor  Stokes  has  successfully  explained  these  two 
phenomena.  It  appears  that  when  certain  rays  of  light  fall 
upon  phosphorescent  or  fluorescent  substances,  a  change  is 
caused,  and  the  rays  are  transmitted  into  others,  nearly  always 
of  lower  refrangibility.     It  also  appears  that  this  is  more  par- 
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of  figure  at  the  same  moment ;  they  are  all,  in  fact,  similarly 
affected  as  regards  the  wave  motion. 

Such  particles  form  the  front  of  a  wave.  Generalizing, 
we  may  say  that  the  front  of  a  wave  consists  of  all  those 
particles  that  are  in  the  same  phase  (Art.  1 36)  or  position  at 
the  same  time  ;  thus  the  various  fronts  of  the  surface  waves 
produced  by  dropping  a  stone  into  the  water  will  consist  of 
circles,  while  the  various  fronts  of  the  sound  waves  proceed- 
ing from  an  explosion  in  mid- air  will  consist  of  spherical 
surfaces. 

In  general  the  wave  proceeds  in  a  direction  perpendicular 
to  its  front. 

330.  Now,  by  the  help  of  this  conception  we  may  easily 
explain  the  leading  phenomena  of  reflexion  and  refraction 
by  means  of  the  undulatory  theory. 

Thus  let  a  set  of  parallel  rays  (Fig.  loi),  of  which  ab  c 
represent  a  front,  impinge  upon  the  surface  M  M,  and  let  us 
consider  the  state  of  things  at  the  moment  when  the  disturb- 
ance at  c  has  reached 
the  surface  at  d.  The 
ray  at  a  has  some  time 
since  reached  the  sur- 
face and  has  been  re- 
flected in  the  direction 
afy  and  in  like  manner 
the  ray  at  V  has  been 
reflected  in  the  direction  ly  c,  so  that /^  //is  the  front  of  the 
reflected  wave.  Now,  had  there  been  no  reflecting  surface 
the  front  a  d  c  would  in  a  given  time  have  advanced  through 
a  certain  space,  keeping  parallel  to  itself,  each  disturbed 
point  moving  onwards  at  a  uniform  rate ;  but  as  there  is  a 
reflecting  surface,  its  front  cannot  retain  its  parallelism  ; 
nevertheless  the  reflected  front  will  take  up  such  a  position 
that  the  disturbed  points  at  a,  d,  and  c  will  have  travelled 
equal  distances  in  order  to  form  themselves  into  the  new 
positions,  /,  e,  and  d.  That  is  to  say  «/,  or  the  journey  of 
a,  will  be  equal  to  ^  ^  +  ^'  ^,  or  the  journey  of  6,  and  to  cd, 
or  the  journey  of  c. 
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But  since  «/=  c  d,  and  since  the  angles  at  c  and /are 
right  angles,  the  fronts  being  perpendicular  to  the  rays,  it 
is  evident  that  the  two  triangles  a  c  d  and  afd  are  equal  in 
all  respects,  and  hence  the  angle  cda  =  angle /"/x  d,  from 
which  we  see  at  once  that  the  angle  of  reflexion  is  equal  to 
that  of  incidence. 

In  fact,  we  may  compare  the  advancing  front  a  b  c  \o  a 
line  of  soldiers  marching  at  right  angles  to  their  front  in  the 
direction  b  b\  At  M  M  they  meet  with  an  oblique  obstacle 
which  they  cannot  surmount ;  but  nevertheless  each  man 
continues  to  march  with  the  same  velocity  as  before,  but  in 
such  a  direction  as  to  fall  into  rank  without  stoppage, 
presenting  a  new  front  f  e  dy  after  which  the  march 
goes  on  as  before  in  the  direction  ^  ^,  perpendicular  to 
the  front. 

321.  So  much  for  the  reflected  ray.  In  the  case  of 
refraction  we  have  slightly  to  modify  our  conception.  Here 
the  line  of  soldiers  may  be  supposed  able  to  penetrate  the 
surface,  but  only  with  a  diminished  velocity  of  march. 
They  have,  as  it  were,  got  into  heavy  ground.  Thus  in 
Fig  102,  let  ^  ^  be  the 
advancing  front,  and  M  M 
the  boundary  of  the  new 
ground.  It  is  evident  that 
b  is  behind  a  in  reaching 
the  new  ground  by  a  dis- 
tance b  y.  Now  a,  when 
reaching  the  new  ground, 
marches  through  it  in 
some  direction  a  c,  with  Fig.  102. 

let   us  say  only  half  the 

previous  velocity,  and  hence  when  b  has  reached  the  new 
ground  at  b',  a  will  have  marched  over  a  space  a  c,  equal  to 
i  b  b'j  b'  c  will  in  fact  represent  the  new  front  into  which  the 
line  will  have  formed  themselves,  if  we  suppose  them,  after 
having  entered  the  heavy  ground,  to  march  with  only 
half  their  previous  velocity,  and  in  such  a  direction  as 
to   fall    into   rank    without    stoppage,  and  they  will   now 


304  ELEMENTARY  PHYSICS.  chap.  vi. 

continue  their  march  in  a  direction  a  c,  at  right  angles  to  the 
front  d'  c. 

Hence  the  construction  is  obvious  \  ab  b'  and  acb'  are 
both  right-angled  triangles,  but  the  side  a  cxs^  only  equal  to 
one  half  of  b  b'. 

Now  b  b'  =  a  b'  sm  b  a  b\  and  "a  c  —  a  b'  sin  c  b'  a:  hence 

^!"  ^  f,  ^'  =-.^JL  ^1.  But  b  a  b\  or  the  angle  which  the 
sm  c  a  a       a  c         i 

front  makes  with  the  surface,  is  evidently  the  same  as  that 

which  the  ray  (perpendicular  to  the  front)  makes  with  the 

normal  (perpendicular  to  the  surface) ;  b  a  b^  is  in  fact  equal 

to  the  angle  of  incidence,  and  c  b'  a\s>  also  equal  to  the  angle 

of  refraction. 

We  thus  see  that  the  sine  of  the  angle  of  incidence  divided 
by  that  of  the  angle  of  refraction,  represents,  according  to 
the  undulatory  theory,  the  relation  between  the  velocity  of 
the  ray  before  and  its  velocity  after  entering  the  surface  ;  and 
this  is  what  is  meant  by  the  index  of  refraction,  so  that  in 
the  instance  just  quoted  the  index  of  refraction  is  evidently 
=  2,  since  the  velocity  was  supposed  to  be  diminished  in 
the  ratio  of  2  to  i. 

322.  Therefore,  according  to  the  undulatory  theory,  the 
velocity  of  light  is  less  in  glass  than  in  vacuo.  Indeed,  we 
may  suppose  that  the  ethereal  medium  in  glass  and  similar 
bodies  is  trammelled  to  some  extent  by  ordinary  matter,  so 
that  there  is  more  work  to  do  without  more  force  to  do  it.  For 
this  reason  a  wave  of  sound  travels  more  slowly  in  carbonic 
acid  than  in  air,  and  for  the  very  same  reason  a  ray  of  light 
may  be  supposed  to  travel  more  slowly  in  glass  than  in  air. 

Now  when  a  ray  of  light  proceeding  in  vacuo  strikes  a 
surface  of  glass,  the  motion  of  the  unloaded  ether  is  com- 
municated to  the  loaded  ether  of  the  glass,  and  we  may 
compare  this  to  a  series  of  small  elastic  bodies  striking  a 
series  of  large  ones.  In  such  a  case  two  things  will  happen  : 
in  the  first  place,  the  small  bodies  will  rebound  back ;  and 
secondly,  the  large  bodies  will  be  pushed  forward.  Now 
this  is  precisely  what  takes  place  when  a  ray  of  light  strikes 
a  polished  glass  surface  ;  part  of  the  light  is  reflected  back. 
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and  part  is  transmitted  through  the  glass,  and  thus  re- 
flection and  refraction  accompany  each  other. 

323.  We  are  apt  to  imagine  that  light  differs  from 
sound  in  a  fundamental  respect,  for  if  a  volume  of  sound 
be  allowed  to  enter  a  room  from  an  opening,  the  sound 
which  enters  is  not  only  heard  in  front  of  the  opening, 
but  considerably  to  one  side  ;  if,  however,  a  flood  of  light 
be  allowed  to  enter  the  same  opening,  the  sides  will  cast 
a  well-defined  shadow,  past  which  the  light  will  not  be 
seen. 

Now  the  reason  why  sound  shadows  are  not  in  general  so 
well  marked  as  light-shadows  depends  on  the  circumstance 
that  the  waves  of  sound  are  much  larger  than  those  of  light. 
A  wave  of  sound  may  be  several  feet  in  length,  while  a  wave 
of  light  is  only  gxyj^nr  ^^  ^^  i'^ch  long. 

But  if  the  aperture  be  sufficiently  small,  we  have  an  ap- 
parent bending  of  the  light-waves,  just  as  we  have  in  the 
sound-waves ;  and  furthermore  the  extent  of  this  bending 
will  be  different  for  rays  of  different  colours,  inasmuch  as 
these  represent  rays  of  different  wave-length. 

Thus  we  obtain  a  beautiful  display  of  colours  by  looking 
at  white  light  through  a  series  of  gratings  ;  and  again  if  a 
very  small  opaque  circular  disc  be  placed  between  the  source 
of  light  and  the  eye  there  will  be  seen  a  bright  spot  in  the 
middle  of  its  shadow,  and  this  will  be  surrounded  by  a  series 
of  coloured  rings. 

By  varying  the  nature  of  the  experiment,  we  have  often 
beautifully  coloured  appearances,  which  are  quite  in  accord- 
ance with  the  undulatory  theory  ;  nevertheless  the  precise 
appearance  presented  can  only  be  foretold  by  a  series  of 
difficult  calculations. 

3fl4>.  Interference. — The  general  explanation  of  the  ap- 
pearances is,  however,  very  simple.  Suppose  that  we  have 
two  waves  travelling  in  the  same  direction,  and  that  the 
crest  of  the  one  wave  coincides  in  position  with  the  crest  of 
the  other,  and  the  hollow  of  the  one  wave  with  the  hollow  of 
the  other,  then  these  two  waves  will  supplement  each  other, 
and  unite  to  produce  one  wave  of  a  double  amplitude. 
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But  if  the  two  waves  do  not  coincide,  but  if  the  crest  of 
the  one  corresponds  to  the  hollow  of  the  other,  they  will 
destroy  each  other,  and  there  will  be  no  light. 

Now  something  of  this  kind  takes  place  in  the  phenomena 
of  gratings ;  and  where  the  waves  supplement  each  other 
we  have  a  bright  spot,  and  where  they  destroy  each  other 
we  have  darkness. 

325.  Newton's  Rinffs. — The  same  principle  may  be  ap- 
plied to  explain  Newton's  rings. 

To  produce  these  let  us  take  a  piece  of  plane  glass,  and 
lay  upon  it  a  lens  of  small  curvature  (Fig.  103). 

Now  if  this  arrangement  be  viewed  lying  on  the  table, 

there  is  first  of  all  a  reflected  ray,  which  comes  from  the 

lower  surface  of  the  lens ;  and  secondly,  we  shall  have  a 

reflected  ray  from  the  upper  surface 

^J^'^^^i^^^^^^^      of  the  plane  glass  on  which  the  lens 

^-./,.w;'<^^..-^i^..^^%i      j.gg|.g       ^igQ  at    a  certain  distance 

°"  '°^'  from  the  centre  all  round  the  point 

of  contact  these  two  reflecting  rays  as  they  travel  together 
to  the  eye,  will  have  the  crest  of  the  one  coinciding  with  the 
trough  of  the  other,  and  their  effect  will  be  darkness,  or  we 
shall  have  a  black  ring. 

A  little  further  out  the  distance  between  the  two  surfaces 
being  greater,  the  one  wave  will  be  a  whole  wave-length 
before^  the  other  and  hence  the  two  crests  will 
again  coincide ;  they  will  therefore  supplement 
one  another,  and  we  shall  have  a  bright  ring. 

Further  from  the  centre  tlie  crest  of  the  one 

wave  will  again  correspond  with  the  trough  of 

the  other,  and  we  shall  have  a  dark  ring,  and  so 

on.     The  appearance  presented  to  the  eye  will 

therefore  be  a  series  of  rings  dark  and  bright  alternately 

(Fig.  104),  and  this  is  the  phenomenon  known  as  Newton's 

rings. 

326.  Colours  of  Thin  Plates. — By  a  similar  method  we 
can  explain  the  colours  of  thin  plates  such  as  those  of  a 
soap-bubble  ;  for  in  such  a  case  we  have  the  rays  of  light 
reflected  from  the  two  surfaces  of  the  film  interfering  with 
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one  another,  and  cancelling  or  supplementing  one  another, 
as  the  case  may  be.  The  effect  is,  however,  different,  for 
different  wave-lengths,  so  that  while  rays  of  certain  wave- 
length cancel  one  another,  those  of  another  wave-length  are 
allowed  to  pass,  and  by  this  means  we  have  often  a 
magnificent  display  of  colour. 

327.  Objection  to  the  precedingr  Ex- 
planation.— The  oscillation  of  a  vibrating 
particle  has  been  compared  to  that  of  a 
pendulum.  Now  if  the  displacement  of  the 
pendulum  from  its  lowest  point  A  (Fig.  105) 
be  doubled,  or  if  A  c  =  2  A  b,  we  have,  by 
a  well-known  proposition  in  geometry  (pro- 
vided the  displacements  are  small),  A  E  =  4 
A  D  ;  that  is  to  say,  the  pendulum  vibrating 
through  the  arc  B  A  falls  from*  B  to  A  through 
iG.  105.  ^  vertical  distance  D  A,  while  that  vibrating 
through  the  arc  c  A  =  2  B  A  falls  from  c  to  A  through  a 
vertical  distance  equal  to  4  D  A.  Now  the  energy  of  the 
oscillation  is  represented  by  the  vertical  distance  through 
which  the  pendulum  falls  ;  hence  we  see  that  if  we  double 
the  ampUtude  of  a  vibration  we  increase  its  energy  four  times. 

Suppose,  now,  we  have  two  similar  waves 
moving  in  the  same  direction,  as  in  Fig.  106. 
We  have  said  that  they  will  supplement  one 
another,  and  form  one  wave  of  double  the 
amplitude,  as  in  the  figure ;  but  by  doubling 
the  amplitude  of  the  oscillation,  shall  we  not 
increase  the  energy  four  times,  as  in  the  case 
of  the  pendulum,  which  represents  oscillatory 
movements  generally  ? 

Can  we,  therefore,  consistently  with  the  laws 
of  the  conservation  of  energy,  imagine  two 
rays  of  unit  energy  to  unite  so  as  to  form  one        fig.  to6. 
ray  of  which  the  energy  is  four  units  ? 

Let  us  now  consider  two  rays  that  are  travelling  in 
the  same  direction,  but  so  that  the  crest  of  the  one  fits 
into  the  hollow  of  the  other. 

X  2 
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The  result,  as  we  have  seen,  will  be  a  destruction  of  motion. 
Now  suppose  that  each  of  the  waves  represents  unit  of  energjy. 
Can  we,  consistently  with  the  laws  of  the  conservation  of 
energy,  imagine  two  rays  of  unit  energy  to  unite  so  as  to 
have  their  energy  entirely  cancelled  ? 

We  reply  that  if  either  of  these  two  phenomena  occurred 
alone,  the  laws  of  energy  would  present  a  formidable  obstacle 
to  this  conception  of  light.  Thus,  if  two  rays  of  unit  energy 
were  to  unite  into  one  ray,  having  an  energy  equal  to  four 
units,  without  any  other  compensation  ;  or  if  two  rays  of 
unit  energy  were  to  cancel  one  another  without  any  other 
compensation,  we  might  justly  imagine  that  the  laws  of 
energy  had  been  broken. 

The  case  is,  however,  completely  altered  if  we  bear  in 
mind  that  the  two  phenomena  always  occur  together ;  that 
is  to  say,  if  we  have  two  rays  of  unit  energy  combining  into 
a  ray  of  energy  equal  to  four  units,  we  have  at  the  same 
time,  and  side  by  side  with  it,  other  two  rays  of  unit  energy 
cancelling  each  other. 

There  is  thus,  on  the  whole,  neither  a  creation  nor  a  de- 
struction of  energy,  but  merely  a  displacement,  and  thus  the 
apparent  objection  to  the  undulatory  theory  derived  from 
the  laws  of  energy  is  entirely  removed. 

328.  Alteration  of  Wave-lenirtli  by  Motion  of  Radiating 
Body. — The  reader  may  have  noticed  when  in  a  railway 
station,  that  if  an  engine  approaches  the  station  at  a  rapid 
rate,  and  whistles  at  the  same  time,  the  note  is  different  as 
it  approaches  the  station  and  as  it  recedes  on  the  other  side, 
being  shriller  in  the  first  case  than  in  the  second. 

The  reason  of  this  is  very  obvious,  if  we  bear  in  mind  that 
the  whistle  consists  in  a  number  of  impulses  that  are  rapidly 
communicated  to  the  air  one  after  another  by  the  engine, 
and  th'at  the  note  or  wave-length  consists  in  the  distance 
between  one  such  impulse  and  the  next.  When  the  engine 
is  approaching  the  station  it  gives  an  impulse  to  the  air, 
which  impulse  is  propagated  in  the  air  towards  the  station 
with  the  usual  velocity  of  sound.  But  the  engine  has  already 
advanced  some  distance  in  the  same  direction  before  it  gives 
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the  next  impulse,  therefo'-e  the  distance  between  the  two 
impulses  will  be  less  than  if  the  engine  were  at  rest,  and 
the  note  will  therefore  be  shriller. 

On  the  other  hand,  when  the  engine  is  leaving  the  station, 
it  gives  an  impulse  to  the  air,  which  impulse  is  propagated 
to  the  station  with  the  usual  velocity,  but  the  engine  has 
already  moved  some  distance  in  the  contrary  direction  be- 
fore it  gives  the  next  impulse,  and  the  consequence  is  that 
the  distance  between  two  impulses  will  now  be  greater  than 
if  the  engine  were  at  rest ;  that  is  to  say,  the  sound  will  be 
more  grave. 

Thus,  when  a  sounding  body  is  rapidly  approaching  the 
ear  its  note  is  rendered  more  acute,  while  if  it  be  receding 
from  the  ear  its  note  becomes  more  grave  ;  we  might  there- 
fore  expect  that  when  a  luminous  body  is  approaching  the 
eye,  there  will  be  a  general  decrease  in  the  wave-length  of 
its  light,  and  that  when  it  is  receding  from  the  eye  there  will 
be  a  general  increase  of  wave-length.  But  in  order  that  this 
change  may  be  perceptible,  the  rate  of  approach  or  recession 
of  the  body  must  bear  a  sensible  proportion  to  the  velocity 
of  light  ;  in  other  words,  the  body  must  be  moving  at  the 
rate  of  at  least  several  miles  per  second.  Now,  it  is  only 
in  the  heavenly  bodies  that  we  can  look  for  such  velo- 
cities. Let  us  therefore  suppose  that  we  have  brought  upon 
the  slit  of  our  spectroscope  the  image  of  a  star  or  planet, 
in  the  spectrum  of  which  there  is  an  absorption  band  cor- 
responding to  the  double  line  D.  If  this  star  be  not  in 
motion  either  towards  or  from  the  eye,  the  position  in  the 
spectrum  of  these  absorption  lines  should  agree  precisely 
with  that  of  the  bright  lines  formed  by  burning  incandescent 
sodium  before  the  slit  of  the  spectroscope  ;  but  if  the  star  be 
moving  towards  the  eye,  these  absorption  lines  ought  to  be 
slightly  displaced  towards  the  most  refrangible  end  of  the 
spectrum,  which  is  that  of  smallest  wave-length.  In  hke 
manner,  if  the  star  be  receding  from  the  eye,  the  absorption 
lines  ought  to  be  displaced  towards  the  red  or  least  refran- 
gible portion  of  the  spectrum.  Mr.  Huggins  has  by  this 
means  been  able  to  make  out  the  proper  motion  of  several 
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stars  in  a  direction  to  and  from  the  eye ;  and  more  recently 
Mr.  Lockyer  has  been  able  by  the  same  means  to  detect 
violent  convection  currents  in  the  sun's  atmosphere  (Art. 
226). 


Lesson  XXXV.— Polarization  of  Light.  Connexion 
BETWEEN  Radiant  Energy  and  the  other  forms 
OF  Energy. 

329.  It  thus  appears  that  we  have  strong  evidence  in 
favour  of  the  undulatory  theory  of  light,  but  we  do  not  yet 
know  of  what  particular  kind  of  wave  motion  a  ray  of  light 
consists.  It  may  either  consist  of  transversal  vibrations  (Art. 
134),  in  which  the  direction  of  displacement  is  perpendicular 
to  that  of  the  wave  motion,  as  in  a  wavelet  produced  by 
throwing  a  stone  into  water,  or  of  vibrations  in  the  direction 
of  the  wave  motion  similar  to  those  of  sound. 

It  will  easily  be  seen  that  there  is  a  very  marked  difference 
between  these  two  kinds  of  vibrations.  Let  us,  for  the  sake 
of  illustration,  take  a  long  string,  extending  horizontally  be- 
tween two  points,  and  strike  it  rapidly  with  a  vertical  stroke, 
we  shall  then  perceive  a  wave  consisting  of  a  vertical  dis- 
placement propagated  rapidly  from  one  end  to  the  other  of 
the  string.  Let  us  now  strike  it  on  one  side  with  a  horizontal 
stroke,  and  we  shall  see  a  similar  wave  consisting  of  a 
horizontal  displacement  propagated  rapidly  in  the  same 
direction. 

In  both  cases  the  displacement  is  perpendicular  to  the 
direction  of  motion,  but  the  one  is  in  a  horizontal  and  the 
other  in  a  vertical  plane.  A  transversal  undulation  is  thus 
capable  of  assuming  a  particular  side,  or  bias,  or  direction. 

Now  in  a  wave  of  condensation  and  rarefaction,  such  as 
that  of  sound,  there  is  evidently  no  capability  of  assuming  a 
particular  side  or  bias  of  this  kind.  This  is  expressed  by 
saying  that  a  transversal  wave  is  capable  of  polarization, 
while  a  wave  of  condensation  and  rarefaction  is  incapable 
of  it. 
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330.  Next  suppose  that  we  strike  the  string  of  which  we 
have  spoken  with  a  vertical  stroke,  and  that  we  likewise 
make  it  to  pass  between  the  vertical  plates  of  a  frame  (Fig. 
107),  it  is  clear  that  these  vertical  plates  will  not  prevent  the 
vibration  taking  place  ;  we  may,  in  fact,  place  a  great  num- 
ber of  such  frames  in  the  path  of  the  wave  without  interfering 
with  its  progress.  If  however  we  place  another  frame  with 
horizontal  plates  (Fig.  108),  so  as  to  have 
one  plate  on  each  side  of  the  vibrating 
string,  it  is  evident  that  the  arrangement 
will  now  tend  to  check  the  vertical  undu- 
lation ;  and  if  we  have  a  great  many  such 


frames,  even  although  the  string  does  not  _ 

when  at  rest  touch  the  plates,  yet  the  *  '  ^^' 

progress  of  a  vertical  wave  may  be  completely  checked 
thereby. 

Suppose  now  that  we  cause  a  horizontal  wave  to  pass  along 
the  string.    This  wave  will  be  stopped  by  the  frame  with 
vertical  plates,  or  the.  same  which  allowed  a  vertical  wave 
to  pass,  while  it  will  be  unaffected  by  the 
frame  with  horizontal  plates,  or  the  same 
which  stopped  a  vertical  wave  ;  in  fine,  the 
one  frame  will  stop  the  vertical  wave  and 
the  other  the  horizontal.     Now,  suppose 
that  a  mixture  of  vertical  and  horizontal 
Fig.  108.  waves    are    being    propagated  along    the 

string ;  if  we  insert  in  their  path  a  series  of  frames  with 
horizontal  plates  we  shall  obstruct  the  vertical  parts  or 
components  of  these  waves,  and  if  we  insert  frames  with 
vertical  plates  we  shall  stop  the  horizontal  components,  and 
if  we  insert  both  kinds  of  frames  we  shall  stop  all  motion. 

331 .  Polarisation  by  Tonrmaline. — A  similar  phenomenon 
takes  place  in  rays  of  light.  A  ray  of  ordinary  sunlight, 
proceeding,  let  us  say,  in  a  horizontal  line,  would  seem  to 
consist  of  transversal  waves,  and  not  waves  of  condensation 
and  rarefaction  ;  but  there  would  be  as  many  vibrations  in 
one  plane  as  in  another— in  fact  the  rays  would  consist  of 
an  impartial  mixture  of  horizontal  and  vertical  vibrations. 
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all  however  taking  place  at  right  angles  to  the  direction  of 
propagation.  Furthermore,  there  are  certain  substances 
which  admit  of  the  progress  through  them  of  a  ray  of  light 
of  which  the  vibrations  all  take  place  in  one  plane,  while 
however  they  stop  nearly  all  rays  consisting  of  vibrations  in 
a  plane  at  right  angles  to  the  first.  Thus  let  us  cut  a  couple 
of  slices  from  a  gem  called  tourmaline  in  a  direction  parallel 
to  a  particular  direction  called  the  optic  axis  of  the  crystal, 
then  let  us  place  these  two  slices  together  with  the  axis  of  each 
vertical,  and  in  the  path  of  a  horizontal  ray  of  sunlight,  and 
we  shall  find  that  the  ray  of  sunlight  will  pass,  although  with 


diminished  intensity,  through  the  two  slices.  In  the  diagram 
(Fig.  io8rt),  rt,  by  c,  d,  represents  one  plate,  and  e,fyg,  A,  the 
other,  where  they  overlap  the  shading  represents  the  deepened 
colour  due  to  the  two  slices.  Suppose,  however,  that  we  now 
turn  the  one  slice  round  upon  the  other  until  the  axis  of  the 
one  is  at  right  angles  to  that  of  the  other,  the  one  axis  being 
horizontal  and  the  other  vertical,  then  we  shall  find  that  the 
light  will  no  longer  be  able  to  penetrate  the  combination,  but 
we  shall  have  total  darkness,  as  shown  in  Fig.  io8<^ ;  the  one 
slice,  let  us  say,  stops  all  those  rays  of  which  the  vibrations 
are  horizontal,  and  the  other  slice  all  those  with  vertical 
vibrations,  and  thus  between  them  both  they  will  stop  all 
light,  just  as  a  combination  of  the  two  frames  will  stop  all 
vibration  in  the  string. 

One  slice  of  tourmaline  is  thus  used  to  produce  polarized 
light,  and  is  therefore  called  the /^/«r/>^r.     The  other  piece 
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is  used  as  a  means  of  examination  whether  the  light  be  in 
that  peculiar  condition  or  not,  and  is  called  the  analyzer. 

Now  the  only  possible  explanation  of  this  behaviour  is 
that  a  ray  of  light  is  capable  of  assuming  a  side  or  bias,  in 
which  case  it  must  consist  of  transversal  vibrations ^  and  not 
of  vibrations  of  condensation  and  rarefaction.  This  ex- 
planation is  due  to  Young,  who  along  with  Fresnel  has 
greatly  increased  our  knowledge  of  the  nature  of  light. 

33a.  Polarization  by  Reflection. — We  have  just  now  seen 
that  a  ray  of  light  is  polarized  by  being  made  to  pass  through 
a  plate  of  tourmaline  cut  parallel  to  the  axis,  by  which  we 
mean  that  it  is  only  those  rays  of  light  the  vibrations  of  which 
are  in  a  particular  direction  that  are  allowed  to  pass.  Polari- 
zation is  likewise  produced  by  causing  a  beam  of  light  to  be 
reflected  from  a  surface  of  glass  or  water,  or  any  similar 
substance. 

At  a  particular  angle  for  every  such  substance  the  polari- 
zation is  a  maximum.  For  glass  the  ray  must  make  with 
the  normal  the  angle  54°  35',  which  is  called  the  polarizing 
angle. 

It  is  imagined  that  in  the  reflected  ray  the  vibrations  are 
all  in  a  direction  perpendicular  to  the  plane  of  reflection^  so 
that  the  portion  of  the  incident  ray,  consisting  of  vibrations 
in  the  plane  of  reflection  has  not  been  reflected  at  all.  If 
therefore  we  allow  an  ordinary  ray  of  light,  a  b  (Fig.  io8r) 
first  to  be  reflected  from  a  plate  of  glass,  f  g,  //,  /,  at  the 
polarizing  angle,  and  if  the  reflected  ray  b  c,  be  again  made 
to  impinge  upon  another  surface  of  glass  at  the  same  angle, 
the  latter  will  then  be  the  analyzer,  and  if  its  plane  be  parallel 
to  the  polarizer  as  in  the  figure,  the  light  will  be  again  reflected 
in  the  direction,  c  d.  If  the  analyzer  be  turned  round,  b  c, 
as  an  axis  until  its  plane  is  at  right  angles  to  the  polarizer,  it 
will  be  found  that  the  light  is  no  longer  reflected.  For  the 
reflected  ray  consists  entirely  of  vibrations  perpendicular  to 
the  first  plane  of  incidence.  But  vibrations  perpendicular 
to  the  first  plane  of  incidence  will  be  in  the  second  plane  of 
incidence,  which  is  at  right  angles  to  the  first,  and  therefore 
they  will  not  be  reflected  from  the  second  surface. 
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333.  Polarization  by  Double  Refk>action. — We  have  seen 
that  a  crystal  of  tourmaline  cut  parallel  to  the  optic  axis  has 
sides,  and  that  it  stops  all  that  portion  of  a  beam  of  light  con- 
sisting of  vibrations  in  a  particular  direction,  while  it  allows 
to  pass  that  portion  consisting  of  vibrations  perpendicular  to 
this  direction. 

A  crystal  of  Iceland  spar  does  not  do  this,  but  it  trammels 
those  light  vibrations  which  take  place  in  one  direction 
differently  from  those  which  take  place  in  a  direction  at  right 
angles  to  the  first,  and  hence  the  one  set  of  rays  passes 


through  the  crystal  with  a  different  velocity  from  the  other 
set. 

But  the  bending  of  a  ray  of  light  by  a  substance  (Art.  321) 
depends  on  its  change  of  velocity  in  passing  through  the  sub- 
stance. Hence,  in  a  crystal  of  Iceland  spar,  the  part  of  a  ray 
consisting  of  vibrations  in  one  direction  will  be  differently 
bent  from  that  part  consisting  of  the  perpendicular  vibrations ; 
there  will  therefore  be  two  rays :  that  is  to  say,  a  ray  of  light 
in  entering  a  piece  of  Iceland  spar  will  generally  be  split  into 
two,  which  will  travel  through  the  crystal  with  different 
velocities.     This  is  what  is  meant  by  double  refraction. 
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If  therefore  we  look  (see  Fig  loSrtf)  at  an  ink  spot  through 
a  piece  of  Iceland  spar,  we  shall  generally  see  two  images  of 
it,  one  at  O,  and  one  at  E.  The  former  is  called  the  ordinary 
image,  being  produced  by  light  following  the  usual  law  of 
refraction  ;  and  the  latter  is  called  the  extraordinary  image, 
since  it  results  from  light  refracted  in  a  special  manner.  In 
accordance  with  what  has  been  said,  we  should  expect  that 
the  effect  of  passing  the  ray  of  light,  R  r  through  the  crystal 
will  be  to  divide  it  into  two  parts,  E  e  and  O  o,  each  of  which 


is  polarized.  This  is  found  always  to  be  the  case,  unless  the 
light  is  incident  in  the  direction  A  X,  which  is  that  of  the 
optic  axis. 

We  cannot  here  enter  more  minutely  into  this  subject ; 
suffice  it  to  say  that  there  are  many  wonderful  and  beautiful 
phenomena  presented  by  polarized  light,  all  of  which  may  be 
explained  by  the  theory  which  supposes  a  ray  of  light  to 
consist  of  transversal  vibrations,  or  vibrations  at  right  angles 
to  the  direction  of  propagation. 

334>.  Connection  between  Radiant  Energy  and  the  other 
forms  of  Energy. — We  have  seen  that  a  heated  substance 
parts  with  some  of  its  energy  of  heat  into  space,  and  that  this 
heat  then  assumes  the  form  of  radiant  energy  and  travels 
through  space  with  a  very  great  velocity.  Ordinary  or 
absorbed  heat  may  thus  be  converted  into  radiant  energy ; 
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and  on  the  other  hand,  radiant  energy  may  be  reconverted 
into  absorbed  heat.  Thus,  when  the  sun's  rays  strike  upon  a 
black  substance  they  are  absorbed,  and  their  energy  is  spent 
in  heating  the  substance. 

There  is,  however,  no  direct  transmutation  of  radiant 
energy  into  mechanical  effect,  or  of  mechanical  effect  into 
radiant  energy,  but  only  a  transmutation  through  the  medium 
of  absorbed  heat.  Thus  we  may  use  the  sun's  rays  to  heat 
the  boiler  of  a  steam  engine,  from  which  we  itiay  thus  obtain 
mechanical  effect,  but  the  radiant  energy  from  the  sun  must 
first  have  been  transmuted  into  absorbed  heat. 

In  like  manner,  bypercussion  or  friction,  a  substance  may 
be  rendered  incandescent,  and  the  mechanical  energy  of  a 
blow  be  made  to  produce  radiant  light  and  heat,  but  the 
first  step  of  the  process  is  the  transmutation  of  the  me- 
chanical energy  into  absorbed  heat,  and  the  second,  that  of 
the  absorbed  heat  into  the  form  of  radiant  energy. 

The  connection  between  radiant  energy  and  the  other 
forms  of  energy,  will  be  afterwards  treated  of  when  these 
varieties  are  discussed. 


CHAPTER  VII. 
ELECTRICAL     SEPARA  TION, 

Lesson  XXXVI.— Development  of  Electricity. 

335.  It  was  known  as  early  as  six  centuries  B.C.  that 
when  amber  is  rubbed  with  silk  it  attracts  light  bodies^  and 
Dr.  Gilbert,  in  the  sixteenth  century,  showed  that  many 
other  substances,  such  as  sulphur,  sealing-wax,  and  glass, 
possess  similar  properties. 

From  this  very  small  beginning  our  knowledge  of  these 
phenomena  has  of  late  years  vastly  increased,  and  we  know 
that  this  attractive  power  manifested  by  rubbed  bodies  is 
the  result  of  the  development  of  an  agent  which  we  term 
electricity  (from  the  Greek  word  rfkcKTpovy  amber), 

336.  Conductors  and  Insulators. — Suppose  we  have  a 
metal  rod  with  a  glass  stem,  and  rub  the  glass  with  a  piece 
of  silk,  the  glass  will  in  consequence  have  the  power  of 
attracting  light  bodies,  but  only  at  that  place  where  it  has 
been  rubbed.  Thus  the  property  which  the  glass  has  acquired 
has  not  the  power  of  spreading  itself  over  its  surface.  Now 
we  may  also  by  friction  with  the  silk  electrify  the  metal 
rod  if  we  hold  it  by  the  glass  as  a  handle.  We  shall 
then  find  that  the  influence  has  spread  over  the  whole 
surface  of  the  metal,  and  is  not  localized  as  in  the  former 
case.  This  fact  we  express  by  saying  that  glass  is  an  insu- 
lator, or  non-conductor,  and  that  a  metal  is  a  conductor 
of  electricity. 

Accordingly  bodies  have  been  divided  into  two  classes, 
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as  far  as  electricity  is  concerned,  and  the  following    table 
exhibits  the  place  in  which  they  stand  :— 


Conductors. 

Non- Conductors  or  losulators. 

Metals. 

Ice. 

Charcoal. 

Caoutchouc. 

Graphite. 

Dry  air. 

Acids. 

Silk. 

Water. 

Glass. 

Animals. 

Wax. 

Soluble  salts. 

Sulphur  and  resins. 

Amber. 

Shellac. 

The  transition  from  the  first  to  the  second  class  of  bodies 
is  not  abrupt,  for  the  worst  kinds  of  conductors  are  to  some 
extent  insulators,  and  even  the  very  best  conductor  presents 
some  resistance  to  the  passage  of  electricity. 

On  the  other  hand,  various  circumstances  may  render  a 
body  a  conductor  ;  thus  glass  heated  to  a  red  heat  is  a 
conductor,  although  when  cold,  glass  does  not  conduct. 

It  is  likewise  of  great  importance  to  make  all  our  experi- 
ments on  electricity  in  a  dry  atmosphere  ;  because,  if  the  air 
be  charged  with  vapour,  particles  of  water  will  be  deposited 
on  the  surface  of  the  apparatus  employed,  tending  to  conduct 
away  the  electricity. 

Indeed  the  necessity  to  us  of  insulators  in  the  study  of 
electricity  will  readily  appear,  for  if  all  bodies  were  conduc- 
tors, it  is  evident  that  we  could  not  confine  electricity  so  as 
to  perform  any  experiments  upon  it. 

337.  Electricity  is  of  two  iLinds. — Let  us  suspend  a 
small  pith  ball  by  means  of  a  silk  thread  to  a  glass  support, 
as  in  Fig.  109,  forming  what  is  called  an  electrical  pendulum. 
Let  us  now,  in  the  first  place,  rub  a  glass  rod  with  silk,  and 
then  make  the  glass  rod  so  rubbed  touch  the  pith  ball.  After 
contact  has  taken  place,  the  pith  ball  will  be  repelled  by  the 
glass  rod.  If  now  we  rub  a  stick  of  sealing-wax  with  a  piece 
of  flannel  or  cloth,  and  bring  it  near  the  pith  ball,  the  latter 
will  be  attracted  to  the  excited  sealing-wax. 
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Thus  a  pith  ball  touched  with  excited  glass  will  be  after- 
wards repelled  by  excited  glass,  but  attracted  by  excited 
sealing-wax. 

In  like  manner,  if  we  had  touched  the  pith  ball  with 
excited  sealing  wax  instead  of  excited  glass,  it  would  there- 
after have  been  repelled  by  excited  sealing-wax,  but  attracted 
by  excited  glass. 


Fig.  109. 

This  experiment  shows  us  that  there  are  two  kinds  of 
electricity,  namely,  that  which  we  obtain  from  excited  glass, 
and  which  we  may  call  vitreous,  and  that  from  excited 
sealing-wax,  which  we  may  call  resinous  electricity.  We  see 
also  that  when  the  pith  ball  has  been  touched  by  excited 
glass,  and  thus  receives  part  of  its  electricity,  it  is  thereafter 
repelled  by  the  glass,  and  in  Hke  manner  if  it  be  touched  by 
excited  sealing-wax  it  is  thereafter  repelled  by  the  sealing- 
wax,  and  hence  we  conclude  that  bodies  charged  with  similar 
electricities  repel  one  another. 

On  the  other  hand,  the  pith  ball,  if  charged  with  excited 
glass,  will  be  attracted  to  excited  sealing-wax,  and  if  charged 
with  excited  sealing-wax  it  will  be  attracted  to  excited  glass, 
and  hence  we  conclude  that  bodies  charged  with  opposite 
electricities  attract  one  another. 
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338.  The  Rypothesls  of  two  Fluids. — It  is  not  meant 
here  to  speculate  upon  the  nature  of  electricity,  but  for  con- 
venience' sake  we  may  regard  it  as  a  fluid  of  which  there  are 
two  opposite  kinds,  vitreous  and  resinous,  or,  as  they  are 
more  frequently  called,  positive  and  negative.  According  to 
this  hypothesis  every  substance  may  be  supposed  to  contain 
an  indefinite  quantity  of  these  two  electricities  mixed  to- 
gether, and  neutralizing  one  another.  By  various  means  the 
two  fluids  may  be  separated  the  one  from  the  other,  but 
whenever  we  have  a  certain  amount  of  positive  electricity, 
there  must  be  somewhere  else  just  as  much  negative  elec- 
tricity. Therefore  in  rubbing  together  two  bodies  such  as 
sealing-wax  and  a  piece  of  cloth  we  do  not  produce  a  certain 
quantity  of  negative  electricity  by  itself^  but  the  sealing-wax 
becomes  negatively  electrified,  while  the  cloth  on  which  it  is 
rubbed  becomes  positively  electrified. 

In  the  following  table  each  substance  will  be  positively 
electrified  if  rubbed  by  any  substance  that  follows  it  in 
the  list,  but  negatively  if  rubbed  by  any  substance  that 
precedes  it : — 

1.  Cat's  skin  7.  Shellac 

2.  Flannel  8.  Resin 

3.  Glass  9.  Metals 

4.  Cotton  10.  Sulphur 

5.  Silk  II.  Caoutchouc 

6.  Wood  12.  Gutta-percha 

-    339.  Other  modes  of  developlnff  Electrical  Separation. — 

There  are  other  methods  of  developing  electricity  besides 
that  produced  by  rubbing  two  bodies  together,  for  it  has  been 
noticed  that  when  heterogeneous  substances  are  pressed 
together,  and  then  suddenly  separated  from  each  other, 
electrical  excitement  is  frequently  produced.  It  has  also 
been  noticed  by  Becquerel  that  cleavage  frequently  produces 
electrical  separation,  as  for  instance  when  two  plates  of  mica 
are  rapidly  torn  from  each  other. 

Volta  was  the  first  to  suppose  that  electrical  separation  is 
produced  by  the  contact  of  heterogeneous  metals,  and  the 
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truth  of  this  has  been  demonstrated  by  Sir  W.  Thom- 
son. We  shall  return  to  this  when  we  come  to  treat  of  the 
electric  current.  In  all  these  cases  there  is  a  heterogeneity 
or  difference  between  the  two  substances  or  portions  of  the 
same  substance  between  which  electricity  is  produced,  and  it 
is  believed  that  if  two  absolutely  similar  substances  were 
brought  together,  and  then  separated  or  rubbed  against 
each  other,  we  should  not  be  able  to  obtain  any  electrical 
separation. 

We  must  also  bear  in  mind  that  electrical  separation 
requires  energy,  so  that  when  an  electrical  machine  is  in 
good  action,  part  of  the  work  spent  in  turning  it  is  converted 
into  heat,  and  part  into  electrical  separation. 

In  fact,  in  some  way  or  another  we  must  always  have  spent 
energy  before  we  can  produce  electrical  separation. 

Besides  the  strictly  mechanical  sources  of  electricity  there 
are  certain  minerals  wliich,  when  heated,  exhibit  electrical 
properties,  in  which  case  they  are  said  to  be  mnroelectric. 

Tourmaline  is  a  mineral  of  this  kind.  It  is  not  the  absolute 
temperature,  but  only  the  change  of  temperature  that  renders 
tourmaline  electric.  Thus  if  a  tourmaline  be  in  a  room  of 
^  any  temperature,  and  if  it  is  completely  in  temperature 
:  equilibrium  with  this  room,  it  will  not  be  electric.  But  if 
taken  into  a  colder  medium,  it  acquires  two  contrary  electric 
poles,  which  however  vanish  when  the  tourmaline  has  acquired 
the  new  temperature.  If  it  now  be  brought  into  the  original 
hotter  medium,  the  tourmaline  again  acquires  electrical  poles, 
but  in  the  opposite  direction.  Suppose  we  call  these  two 
poles  A  and  B.  When  taken  from  the  hotter  medium  into 
the  colder,  let  us  suppose  that  the  pole  A  is  positive  and  b 
negative,  then  when  taken  from  the  colder  medium  and 
transferred  once  more  to  the  hotter  medium,  a  will  become 
negative  and  B  positive.  It  may  be  asked,  what  species  of 
energy  is  spent  in  this  case  to  produce  the  electrical  sepa- 
ration ?  to  which  the  reply  is,  that  heat  is  spent ;  a  small 
portion  of  the  heat  has  in  fact  vanished  in  producing  this 
separation,  and  will  again  appear  in  the  shape  of  heat  when 
we  have  recombined  the  two  electricities. 

Y 


322  ELEMENTARY  PHYSICS.  chap,  vii 


Lesson  XXXVIL— Electrical  Induction. 

340.  It  has  been  said  that  unlike  electricities  attract, 
while  like  repel  one  another.  Now  what  will  happen  if  we 
bring  near  together  two  insulated  conductors,  one  charged 
with  electricity,  and  the  other  not  charged  ?  An  index  to  the 
result  will  be  found  in  the  statement  already  made  (Art.  338), 
in  which  a  neutral  body  is  regarded  as  a  reservoir  of  both 
electricities  in  a  state  of  union.  Suppose  now  that  the 
conductor  in  question  (Fig.  no)  is  charged  with  positive 
electricity :  when  it  is  brought  near  the  neutral  conductor 
it  will  decompose  its  fluid,  attracting  that  of  the  opposite 
kind  to  itself,  that  is  to  say,  negative  electricity,  and  repelling 
that  of  a  like  character  with  itself,  or  positive  electricity. 
The  end  of  the  neutral  conductor  next  the  electrified  one 
will  thus  be  charged  with  negative,  and  the  opposite  end  with 
positive  electricity.  The  state  of  things  will  be  represented 
by  Fig.  no. 

Now  let  us  suppose  that  we  have  an  arrangement  by 
which  the  neutral  conductor  may  be  divided  into  two,  and 
that  we  perform  this  separation,  we  shall  find  the  half  nearest 
the  positively  charged  conductor  to  have  a  negative,  and  the 
half  farthest  from  it  a  positive  charge.  We  may  prove  this 
by  the  pith  ball  already  described  (Art.  337),  for  if  we  charge 
such  a  pith  ball  positively  by  touching  it  with  a  stick  of -glass 
rubbed  with  silk,  we  shall  find  that  it  will  be  attracted  by 
that  half  of  the  conductor  which  was  next  w,  while  it  will 
be  repelled  by  that  half  which  was  farthest  froih  m,  showing 
that  the  first  half  contains  negative  and  the  latter  positive 
electricity. 

It  will  be  noticed  that  the  electrified  conductor  fn  has  not 
parted  with  any  of  its  electricity,  but  is  the  same  after  the 
experiment  as  before  it.  Let  us  now,  however,  vary  the 
experiment  by  slowly  bringing  the  conductors  nearer" to  one 
another,  although  not  into  actual  contact ;  the  attraction 
between  the  positive  electricity  of  the  charged  conductor  and 
the  negative  electricity  of  the  neutral  conductor  which  it  hais 
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decomposed  will  at  length  become  so  great  that  they  will  be 
able  to  surmount  the  resistance  of  the  air,  and  will  rush 
together  in  the  form  of  a  spark.  The  consequence  will  be 
that  the  conductor  m  will  have  lost  a  portion  of  its  positive 
electricity,  and  the  conductor  n  its  negative  electricity  which 
m  had  decomposed  and  attracted  towards  itself ;  a  positive 
charge  will  therefore  remain  in  n  :  in  fact,  the  result  will  be 
just  the  same  as  if  there  had  been  a  communication  of 
positive  electricity  from  m  to  «. 


I'Ki.  : 


The  action  which  the  charged  conductor  exerts  upon  the 
uncharged  one  at  a  distance  is  called  electrical  induction.^ 

This  influence  is  limite:d  in  its  extent,  and  depends  upon 
the  distance  between  the  two  conductors. 

To  render  this  evident,  let  us  suppose  the  charged  con- 
ductor A  to  act  upon  the  uncharged  conductor  B  c,  separating 
.the  electricities  as  in  Fig.  no. 

It  is  clear  that  the  n^ative  electricity  is  kept  at  n  by  the 
attraction  of  the  charge  at  A,  while  this  attraction  has  to 
oppose  the  tendency  which  the  two  separated  electricities  of 
JB  c  have  to  rush  together  and  unite.  Now  if  the  charge  at 
m  is  very  small,  or  very  far  away,  it  cannot  separate  a  very 
great  quantity  of  electricity  in  B  c,  but  as  the  distance  de- 
creases, the  amount  of  separation  will  increase,*  until  at 

y  2 
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lengthy  as  we  have  already  said,  a  spark  will  pass  between 
the  two  conductors. 

The  inductive  effect  of  electricity  will  afford  us  a  new  ex- 
planation of  the  fact  that  electricity  only  shows  itself  at  the 
surfaces  of  bodies.  Thus  we  may  regard  an  electrified  brass 
globe  such  as  that  of  Art.  346  as  inducing  an  opposite  elec- 
tricity in  the  surrounding  conductors,'  including  the  earth 
and  walls  of  the  room.  The  two  electricities  cannot  however 
unite,  because  the  air  surrounding  the  globe  is  a  non-con- 
ductor. Nevertheless  the  electricity  of  the  globe  will 
endeavour  to  get  as  near  as  possible  to  that  of  the  sur- 
rounding exterior,  and  will  thus 
appear  to  reside  on  the  surface  of 
the  globe. 

34>1.  The  electropboms. — This 
instrument  well  illustrates  the  phe- 
nomenon of  induction.  It  consists 
of  a  shallow  tinned  pan  or  mould, 
which  is  filled  with  resin,  so  that 
at  the  top  we  have  a  smooth 
resinous  surface  in  a  mould  the 
outside  of  which  is  metallic,  and 
therefore  in  electric  communica- 
tion with  the  earth.  Besides  this 
there  is  a  moveable  metallic  cover 
having  a  glass  handle  (see  Fig.  iii),  which  can  either 
be  brought  into  contact  with  the  resinous  cake  or  rembved 
from  it  as  desired. 

When  about  to  be  used  the  resinous  surface  is  smartly 
beaten  by  a  cat's  fur,  and  by  this  means  negative  electricity 
is  developed  upon  it.  The  cover  is  next  brought  into  con- 
tact with  the  excited  resin,  and  the  upper  surface  of  the  cover 
is  then  touched  with  the  finger.  It  might  at  first  be  thought 
that  we  should  by  this  means  carry  off  the  electricity  devel- 
oped on  the  resinous  surface,  but  such  is  not  the  case.  The 
resin,  it  must  be  remembered,  is  a  non-conductor,  and  the 
cover  does  not  come  into  such  intimate  contact  with  it  as  to 
carry  off  its  electricity  by  conduction.    Instead  of  this  the 


Fig.  III. 
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resin  acts  inductively  upon  the  cover,  so  that  the  neutral  fluid 
of  the  latter  is  decomposed,  the  positive  electricity  being 
retained  on  the  under  side  by  the  inductive  action  of  the 
resin,  while  the  negative  goes  away  through  the  finger  which 
touches  the  cover  into  the  ground.  The  cover,  when  re- 
moved, is  in  consequence  found  to  be  charged  with  positive 
electricity. 

As  the  electricity  of  the  resin  has  not  been  conducted 
away,  this  operation  can  be  repeated  time  after  time  without 
any  apparent  diminution  of  the  electricity  of  the  resin,  and 
without  the  necessity  of  exciting  it  afresh. 

The  tinned  mould  or  form  in  which  the  resin  is  placed 
serves  to  retain  the  negative  electricity  developed  on  the 
surface.  For  this  electricity  acts  inductively  on  the  neutral 
fluid  of  the  under  surface  of  the  metallic  form,  retaining  the 
positive,  but  driving  the  negative  into  the  earth,  upon  which 
we  may  suppose  the  instrument  to  be  placed. 

This  positive  electricity,  which  thus  resides  on  the  lower 
surface  of  the  form,  binds  in  its  turn  the  negative  electricity 
which  exists  on  the  resinous  surface,  and  prevents  it  from 
being  easily  dissipated. 

This  is  the  mode  of  action  of  the  form  while  the  cover 
is  not  on ;  but  when  the  cover  is  put  on,  the  electricity  of 
the  resin  prefers  to  act  inductively  upon  the  cover  which 
is  close  to  it,  rather  than  upon  the  bottom  of  the  fonn, 
which  is  removed  from  it  by  the  whole  thickness  of  the 
cake,  and  we  have  then  the  action  which  has  been  already 
described. 

34a.  Specific  Inductive  Capacity. — We  have  spoken  as  if 
the  one  conductor  acted  upon  the  other  at  a  distance,  but  the 
researches  of  Faraday  lead  us  to  conclude  that  the  action  of 
induction  depends  upon  the  substance  interposed  between 
the  two  conductors. 

If  for  instance  the  space  between  m  and  n  (Fig.  1 10),  instead 
of  being  filled  with  air,  had  been  filled  with  sulphur,  the  same 
charge  at  m  would  have  separated  a  greater  quantity  of 
electricity  at  «. 

The  capability  that  a  substance  has  for  causing  induction 
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when  interposed  between  a  charged  and  an  uncharged  con- 
ductor is  called  its  speciflc  inducti-ve  cMx^ty^ 


Lesson  XXXVI I  L— Measurement  of  Electricity. 

34.3.  We  have  seen  that  there  are  two  kinds  of  electricity, 
and  that  the  one  never  appears  without  the  other.  We 
have  also  seen  that  like  electricities  repel,  while  unlike 
attract  each  other.  But  to  perfect  our  knowledge  of  the 
subject  it  will  be  necessary  to  devise  some  method  of 
measuring  electricity,  and  of  estimating  electncai  forces. 

We  have  spoken  of  electricity  as  a  thing  which  can  be 
conceived  of  as  separate,  but  we  must  bear  in  mind  that  it 
is  never  found  disassociated  from  matter.  Our  method  of 
determining  the  quantity  of  free  electricity  ia  a  body  nmst 
therefore  be  different  from  that  of  determining  the  quantity 
of  matter  m  the  body. 

Let  us  begin  by  supposing  that  we  have  two  similar  metal- 
lic balls,  each  insulated  by  a  glass  stem,  and  the  one  charged 
with  electricity,  but  the  other  uncharged.  Now  if  we  bring 
these  two  balls  into  contact  with  each  other  j  the  electric  fluid 
will  diffuse  itself  into  equal  proportions  over  both  balls,  so  that 
when  we  separate  them,  each  will  have  one-half  of  the 
original  quantity  of  electricity.  We  thus  see  how  a  charge 
can  be  subdivided.  Coulomb  was  the  first  to  investigate  the 
mutual  attractions  and  repulsions  of  electrified  bodies,  and 
he  did  it  by  means  of  an  instrument  called  the  tonri,oa 
balance. 

It  consists  of  a  delicate  horizontal  needle  (Fig.  112),  made 
of  some  non-conducting  substance^  such  as  shellac,  suspended 
by  a  very  fine  wire.  There  is  a  small  gilt  pith  ball  fixed  at 
one  extremity  of  this  needle.  There  is  likewise  a  brass  ball  m 
supported  by  a  vertical  glass  rod  fixed  in  an  aperture  in  the 
cover  of  the  instrument.  At  the  bottom  of  the  apparatus  is  a 
dish  containing  chloride  of  calcium,  for  keeping  the  air  dry, 
since  moisture  would  conduct  away  the  electricity  which  it  is 
/wished  to  measure.     Surrounding  the  cylindrical  side  of  the 
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instrument  at  the  level  of  m  and  «,  there  is  a  graduated  scale. 
Finally  the  attachment  at  the  top  of  the  fine  thread  which 
sustains  the  needle  is  capable  of  moving  independently  of  the 
tube,  and  there  is  a  small  circle  at  the  top  which  registers  the 
angular  movement  which  is  thus  communicated  to  the  sus- 
pended thread.  Now  let  the  apparatus  be  so  arranged  that 
n  is  just  in  contact  with  the  ball  m.  Next  let  the  rod  atnh^ 
taken  out,  and  let  the  brass  ball  receive  a.  charge  of 
electricity.  On  being  replaced  m  will  touch  n  and  coni- 
municate  part  of  its  charge  to  tiy  and  the  needle  will  there- 
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after  be  repelled  by  the  brass  ball,  since  both  are  charged 
with  the  same  kind  of  electricity.  The  needle  will  therefore 
settle  in  some  position  where  the  electric  repulsion  tending  to 
drive  it  from  m  will  just  balance  the  force  of  torsion  tending 
to  bring  it  back  to  nu  Now  if  we. suppose  that  the  angle 
between  m  and  n  as  read  on  the  scale  is  10°,  the  force  of 
torsion  being  proportional  to  the  angle  (Art  67),  we  may  call 
this  force  10,  and  hence  the  electric  force  which  counteracts 
it  may  be  called  10  also.  But  by  moving  the  top  round  in 
the  same  direction  as  the  hands  of  a  watch,  we  may,  by 
means  of  the  force  of  torsion,  make  n  approach  m.    Sup- 
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pose  that  we  twist  the  suspension  round  35°,  we  shall  find 
by  the  scale  that  m  and  n  are  now  five  degrees  apart.  Hence 
ihe  whole  torsion  will  now  be  denoted  by  the  35°  through 
which  we  twisted  round  the  suspension  above,  plus  the  5° 
between  m  and  n  on  the  scale  below ;  that  is  to  say,  there 
will  be  40®  of  torsion  in  all,  and  hence  the  electric  repulsive 
force  will  be  measured  now  by  40  instead  of  10.  Thus,  while 
it  takes  a  force  equal  to  10  to  keep  m  and  n  10°  from  each 
other,  it  takes  a  force  equal  to  40  to  keep  them  at  the  distance 
of  5°. 

But  10  and  5  represent  very  nearly  the  distances  of  the 
two  electric  bodies  from  each  other,  so  that  the  force  of  re- 
pulsion is  four  times  as  great  at  half  the  distance. 

We  might  by  a  similar  method  charge  the  two  balls  with 
opposite  electricities,  and  we  should  then  find  that  when  the 
distance  is  halved  the  attraction  is  increased  fourfold.  We 
are  thus  entitled  to  conclude  that  the  attractions  or  repulsions 
between  two  electrified  bodies  vary  inversely  as  the  square  of 
their  distance  from  each  other, 

344.  Having  thus  proved  the  law  of  variation  with  distance 
the  law  of  variation  with  quantity  can  be  proved  in  a 
similar  manner  :  for  if  we  take  out  the  ball  m,  and  cause 
It  to  touch  a  similariy-sized  unelectrified  ball,  its  charge 
will  be  reduced  to  one-half  (Art  343).  If  we  now  replace 
It,  we  shall  find  that  the  force  as  measured  by  the  angle 
of  torsion  will  be  reduced  to  one-half.  In  this  experiment 
n  retains  its  full  charge  ;  but  had  we  commenced  the  experi- 
ment with  this  half-charge  both  of  «  and  «,  we  should 
have  found  the  electric  force  only  one-quarter  of  that 
due  to  a  fuU  charge  of  both  ^  and  «  ;  that  is  to  say,  the 
half-charge  of  m  acting  on  the  half-chai^e  of  n  will  produce 

of  electrical  force  is  similar  to  that  for  gravity  •  that  is  to 

7eaH/Z/  ^'^^"'S  .^^r^^''  "^  re^ulonZjt^eZ  two 
7eVft^Jt^^^^^^       ''''''''  "^  /^/r.^../  oftkeguantities 
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by  m  units  of  positive  electricity  at  a  point  A  upon  mS  units  of 
positive  electricity  at  a  point  B,  the  distance  apart  of  A  and  B 
being  d  units,  may  be  expressed  as  follows  : — 

If  the  electrification  at  A  or  at  B  is  negative  this  is  in- 
dicated by  putting  a  minus  sign  before  the  symbol  of 
quantity. 


Examples  of  Use  of  Fundamental  Law. 

(i.)  Question, — Find  the  force  of  repulsion  between  two 
bodies  charged  respectively  with  6  and  4  units  of  positive 
electricity,  the  distance  between  the  two  bodies  being  3  units. 

Answer--  /=  _.   =  _4  =  2| 

(2.)     Question. — If  w  =  +  3»  »«^  =  — 6,  and  ^  =  2  find  / 
An^er-        /=  (+3)  M-6)  ^  _^^ 

Thus  a  minus  sign  indicates  attraction. 

(3.)  Question, —  If /«  =  +i,  w'  =  +  i  and  d  =  i,find/— 

Answer — /  =  ^  ^  ^.  =  i  or  with  unit  charges  at  unit 

distance  the  force  is  unity. 

346.  Deflnitton  of  Electrostattc  Unit  of  Quantity  of 
Eleotrieity. — The  last  answer  furnishes  us  with  a  definition 
of  great  importance.  It  in  fact  tells  us  that  if  two  bodies  repel 
each  other  with  unit  force  when  at  unit  distance  then  they 
must  each  be  charged  with  unit  quantity  of  electricity.  If 
the  unit  of  force  be  the  dyne  (see  Art.  347)  and  the  unit  dis- 
tance a  centimetre  then  the  unit  of  quantity  will  be  expressed 
in  the  C.G.S.  system  (see  Art.  347.) 

346<>.  Density  of  Slectric  Charge. — We  have  said  that 
electricities  of  like  kinds  repel  one  another ;  the  consequence 
is,  that  electricity  only  manifests  itself  on  the  surfaces  of 
bodies,  and  would  escape  from  them  if  it  could  ;  but  it  is 
prevented  by  the  surrounding  atmosphere,  which  is  a  very 
bad  conductor. 
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In  proof  of  this  \eX  us  take  an  insulated  hollow  brass 
globe,  and  let  it  be  supplied  with  two  hemispherical  brass 
envelopes  capable  of  fitting  tightly  upon  it,  and  having 
glass  handles  so  as  to  admit  of  their  being  separated  from 
the  globe.  Now  in  the  first  place  let  us  electrify  the  hollow 
globe,  and  then  enclose  it  in  the  brass  hemispheres.  If  we 
now  quickly  remove  the  brass  hemispheres  we  shall  find 
them  to  be  strongly  electrified,  while  the  sphere  will  have 
little  or  no  electricity  left  in  it. 

It  is.  anpther  consequence  of  the  repulsive  force  of  elec- 
tricity, that,  while  on  a  sphere  the  charge  is  uniformly 
distributed,  on  a  pointed  conductor  this  is  not  the  case.  If 
we  use  the  term  etectric  density  to  denote  ^Ae  quantity  of 
^electricity  on  unit  of  surface^  we  shall  find  that  in  a  conductor, 
one  part  of  which  is  spherical  and  another  pointed,  th^ 
density  is  very  much  greater  at  the  point  than  at  the 
spherical  surface,  so  that  if  the  body  be  disposed  to  part 
with  its  electricity  it  will  do  so  more  rapidly  if  it  be  pointed 
than  if  it  be  a  sphere. 

An  'instrument  called  the  proof  plane  is  often  used  to  test 
•  the  relative  distribution  of  electricity  over  the  surface  of  a 
body.  It  consists  of  a  small  disc  of  copper  foil,  insulated  by 
a  glass  rod.  This  disc  is  made  to  touch  an  electrified  body 
at  its  various  parts,  and  forms  in  fact,  for  the  time  being, 
the  outer  surface  of  the  body  at  the  point  where  it  touches 
it.  We  then,  by  removing  the  disc,  remove  the  outer  surface 
of  the  body  at  this  point  along  with  its  electricity,  which  we 
can  test  by  means  of  Coulomb^s  balance. 

347.  Blectrical  Potential. — Let  us  look  on  electricity  as 
something  which  changes  its  place  under  the  action  of 
electrical  force  just  as  water  flows  downwards  under  the 
action  of  gravitating  force.  Now,  in  order  that  water  may 
flow  you  must  have  a  difference  of  gravitation  level,  and  so  in 
order  that  electricity  may  flow  you  must  have  a  diff"erence  of 
electrical  level. 

Whenever  there  is  a  difference  of  gravitation-level  and  a 
channel  of  communication  opened  out,  water  will  flow  from 
a  higher  to  a  lower  level ;  and  so  whenever  there  is  didifference 
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of  eil$fitn£al  potential  or  level  between  two  conductors,  and 
an  electrical  channel  of  communication  is  opened  between 
them,  electricity  will  always  flow  from  the  one  to  th©  other. 
In  facty  the  difference  of  electrical  potential  is  that  7vhich\ 
causes  a  flow  of  electricity. 

If  we  now  refer  to  our  standards  of  energy  we  find  that 
unit  of  work  (a  kilogrammetre)  is  spent  when  unit  of  mass 
(a  kilogramme)  ascends  against  gravity. through  unit  of  dis- 
tance (a  metre). 

We  might  therefore  define  a  metre  as  unit  difference  of 
gravitation  level,  and  say  that  there  is  unit  difference  of 
gravitation  potential,  or  level,  when  unit  of  work  is  spent  by 
unit  of  mass  in  moving  from  the  one  level  to  the  other  against 
gravitating  force.  Of  course  it  is  much  more  easy  to  obtain 
any  such  difference  of  gravitation-level  by  trigonometrical 
measurement ;  nevertheless  in  the  case  of  electricity  we  must 
define  difference  of  electrical  level  by  reference  to  the  work 
done  in  carrying  unit  of  electricity  from  the  one  level  to  the 
other. 

Having  thus  explained  what  is  meant  by  difference  of 
electrical  potential,  we  may  add  that  in  the  system  of  electro- 
static standards  it  has  been  found  most  convenient  to  adopt 
tji^  centimetre  as  the  standard  of  length,  the  gramme  as  that 
of  mass,  and  the  second  as  that  of  time  :  the  system  is  there- 
fpre  sometimes  called  the  Centimetre-gramme-second  System 
of  Units. 

We  shall  now  give  certain  definitions  founded  upon  this 
system : — 

(l).  The  unit  of  force  {the  dyne)  is.  the  force  which  will 
produce  a.  velocity  of  one  centimetre  per  second  in  a  free 
mass  of  one  gramme  by  acting  on  it  for  one  second. 

(2).  The  unit  of  work  ( the  erg)  is  the  work  performed  by 
tinit  of  force  when  it  has  worked  through  one  centimetre. 

(3)..  The  unit  quantity  of  electricity  is  that  which  exerts 
the  unit  of  force  on  a  quantity  equal  to  itself  at  a  distance  of 
one  centimetre  across  air. 

(4).  The  unit  difference  of  potential^  or  unit  electro-motive 
force,  exists  between  two  points  when  the  unit  of  work  is- 
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spent  by  unit  of  electricity  in  moving  from  the  one  to  the 
other  against  electric  repulsion. 

(5).  The  electric  density  sig^nifies  the  quantity  of  electricity 
per  square  centimetre  on  a  charged  conductor. 

(6).  The  capacity  of  a  conductor  is  the  quantity  of  elec- 
tricity necessary  to  give  it  unit  difference  of  potential. 

(7).  The  co-efficient  by  which  the  capacity  of  an  air  con- 
denser must  be  multiplied  in  order  to  give  the  same  capacity 
when  another  dielectric  is  used  is  called  the  specific  inductive 
capacity  of  the  dielectric. 

343.  Electroscopes  and  Bleetrometers. — An  instrument 
for  measuring  electrical  effects  produced  by  electricity  at  rest 
is  called  an  electrometer,  but  an  instrument  designed  only  for 
detecting  an  electric  charge  is  called  an  electroscope,  of  which 
the  electrical  pendulum  (Fig.  109)  is  an  example.  A  much 
more  useful  and  more  delicate  instniment  is  the  OolA  l^tmf 
Electroscope,  shown  in  Fig.  113.  Here  we  have  a  glass  jar 
provided  with  a  metal  base,  to  which  two  vertical  metal  rods, 
terminating  in  two  brass  knobs  a  and  ^,  are  attached.  The 
top  of  the  jar  is  closed  by  a  plug 
of  shellac  or  other  good  non-con- 
ductor, through  which  passes  a 
brass  rod  provided  with  a  brass 
knob.  To  that  end  of  the  brass 
rod  that  is  within  the  jar  two  pieces 
of  gold  leaf  are  attached.  To  assist 
in  insulating  the  mstrument,  the 
top  of  the  jar  is  coated  with  seal- 
iAg-wax  varnish. 

Now  let  us  see  what  will  happen 
if  we  communicate  a  charge  of 
electricity  to  the  knob.  The  gold 
leaves,  becoming  charged  with  the 
same  electricity  by  means  of  the 
knob  with  which  they  are  both  in  contact,  will  repel  each  other, 
and  be  attracted  towards  a  and  d,  and  we  shall  approximately 
be  able  to  measure  the  charge  by  means  of  the  amount  of  re- 
pulsion ;  but  we  shall  not  be  able  by  the  method  now  described 


Fig. 
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to  tell  whether  the  chaise  is  positive  or  negative.  We  can, 
however,  accomplish  this  in  the  following  way.  Suppose  that 
a  charge  of  some  kind  of  electricity  has  been  communicated 
to  the  leaves.  Let  us  now  bring  an  excited  glass  rod,  which 
contains  positive  electricity,  near  the  knob  ;  this  will  decom- 
pose the  neutral  electricity  of  the  knob,  attracting  the  nega- 
tive to  itself,  and  repelling  the  positive  to  the  gold  leaves. 
If,  therefore,  the  leaves  had  previously  been  charged  with 
positive  electricity,  they  will  now  diverge  more  widely;  but 
if  they  had  previously  been  charged  with  negative  electricity, 
they  will  be  brought  together. 

By  providing  the  gold  leaf  electroscope  with  a  scale  for 
indicating  the  amount  of  the  divergence  of  the  leaves,  the 
instrument  would  become  an  electrometer, 

349.  The  DlTided  Rli&«  Electrometer. — A  better  method 
of  measuring  electrical  chaises  is  as  follows  : 

A  metallic  needle  CP  (Fig.  114)  is  arranged  so  as  to  be  sus- 
pended from  c  by  a  thread  perpendicular  to  the  plane  of  the 
paper ;  that  is  to  say,  the  metallic  needle 
is  all  on  one  side  of  its  point  of  sus- 
pension, or,  if  balanced,  it  is  balanced 
by  something  non-metallic.  This  needle 
is  kept  electrified  with  a  large  charge, 
say  of  positive  electricity,  and  its  suspen- 
sion is  so  arranged  that  it  naturally  rests 
between  the  two  insulated  half  rings  of 
brass,  A  and  B,  as  in  the  figure,  the  attempt 
to  force  it  round  being  resisted  by  the  torsion  of  the  thread 
from  which  it  is  suspended.  Now  if  there  is  no  electricity 
in  either  A  or  B  the  needle  will  remain  at  rest ;  but  if  B  be 
connected  with  the  earth,  and  A  be  positively  electrified,  it 
is  clear  that  the  needle  will  be  repelled  from  A,  and  will 
move  towards  B,  until  the  force  of  torsion  is  sufficiently 
great  to  overcome  the  electric  force.  If  however  A  be 
negatively  electrified,  the  needle  will  be  attracted  towards  A 
and  will  move  in  its  direction  until,  as  before,  the  force  of 
torsion  overcomes  the  electric  force. 

Now  in  such  an  instrument  we  can  register  by  suitable 


334 


ELEMENTARY  PHYSICS.. 


CHAP.   VII. 


means  how  much,  and  in  what  direction,  the  needle  is  turned 
when  a  small  charge  has  been  given  to  A,  and  thus  we  can 
tell  not  only  the  nature  of  the  chaise,  but  also  its  amount 
and  potential.^ 

350.  The  Qiuulrmat  Electrometer. — We  owe  to  Sir  William 
Thomson  an  excellent  electrometer,  which  is  an  improvement 
on  that  last  described.  Four  insulated  brass  boxes  shaped 
like  quadrants  are  used  as  shown  in  the  plan  (Fig.  1 14a).  A 
paddle-shaped  piece  of  aluminium  foil  is  suspended  by  a  very 
fine  platinum  wire,  so  that  it  hangs  horizontally  within  the 


Fig.  114a, 


boxes.  The  alternate  quadrants  are  connected  together,  thus 
Ai  is  connected  with  Ag,  and  B,  with  Bj.  When  the  instru- 
ment is  in  use  the  aluminium  needle  is  charged  to  a  high 
and  constant  potential,  then  if  Aj  and  B2  are  connected  to 
two  sources  between  which  it  is  wished  to  measure  the 
difference  of  potential  the  needle  will  be  deflected.  The 
amount  of  deflection  is  measured  exactly  in  the  same  manner 
as  in  the  case  of  the  mirror  galvanometer  (Art.  291),  and  the 
number  of  divisions  of  the  scale  over  which  the  spot  of  light 
passes  is  proportional  to  the  difference  of  potential  of  the 
two  sources, 

1  The  sixth  definition  of  Art.  347  gives  rise  to  the  equation  q  e=  vk  where  q  is 
the  quantity  of  electricity  of  polenual  v  with  which  a  body  of  capacity  K  "is 
charged  with.     In  using  an  elctrometer  this  should  be.  remembeied.-  ^ 
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Lesson  XXXIX.--Electrical  Machines. 

351.  An  electrical  machine  is  composed  of  two  parts ; 
first  of  all,  we  have  an  arrangement  for  generating  electricity.; 
and  secondly,  we  have  one  for  collecting  it. 

One  of  the  best  known  machines  is  that  in  which  the 
electricity  is  produced  by  a  large  disc  or  plate  of  glass 
revolving  on  a  horizontal  axis  (Fig.  115).  The  axis  of  the 
plate  passes  through  wooden  supports,  and  the  handle  which 
turns  the  machine  is  made  of  glass.  As  the  glass  plate 
revolves  it  is  rubbed  against  by  two  sets  of  rubbers,  one 
above  and  the  other  below ;  these  rubbers  are  generally 
made  of  leather  stuffed  with  horse-hair,  and  press  somewhat 
tightly  against  the  glass.  They  are  coated  with  an  amalgam 
which  is  generally  made  of  one  part  of  zinc,  one  of  tin,  and 
two  of  mercury.  These  rubbers  are  placed  in  electrical 
communication  with  the  ground  by  means  of  a  chain. 

Now,  when  the  glass  disc  is  turned  round,  positive  elec- 
tricity is  generated  in  the  glass,  and  negative  electricity  in 
the  rubbers,  and  by  means  of  the  chain  the  negative  elec- 
tricity of  the  rubbers  is  carried  to  the  ground  as  fast  as  it  is 
produced.  Our  object  is  to  collect  the  positive  electricity, 
but  to  get  rid  of  the  negative. 

Surrounding  the  glass  we  have  two  brass  rods  armed  with 
points,  these  rods  being  metallically  united  to  a  large  metallic 
surface  called  the  conductor,  which  is  insulated  by  glass 
supports.  These  points  act  by  induction  on  the  positive  elec- 
tricity which  we  have  produced  by  friction  of  the  glass  plate  ; 
that  is  to  say,  this  positive  electricity  decomposes  the  neutral 
fluid  of  the  points,  attracting  to  itself  the  negative  and 
repelling  the  positive  into  the  large  conductor,  which  is  in 
metallic  contact  with  the  points.  The  positive  fluid  on  the 
glass  thereupon  unites  with  the  negative  fluid  at  the  points, 
and  the  result  of  this  union  is  the  accumulation  of  a  quantity 
of  positive  electricity  on  the  large  conductor.  (See  Art.  343.) 

351a. — If  when  the  conductor  of  an  electric  machine  is 
charged  the  finger  be  placed  near  it,  a  spark  passes  between 
the  conductor  and  the  finger. 
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The  positive  electricity  of  the  conductor  decomposes  the 
neutral  fluid  of  the  body,  attracting  the  negative  and  repel- 
ling the  positive  to  the  ground.  The  negative  electricity  at 
the  point  of  the  finger  thereupon  combines  by  means  of  a 
spark  with  the  positive  fluid  in  the  conductor,  a  peculiar 
sensation  being  experienced  as  the  combination  takes  place. 

The  experiment  may  be  varied  by  placing  an  individual  on 
an  insulating  stool,  which  is  a  stool  furnished  with  glass  legs. 
If  he  now  puts  himself  into  electrical  communication   l>y 


Fig.  XI 5. 


means  of  a  chain  with  the  conductor  of  the  machine,  lie 
becomes  part  of  that  conductor,  and  another  person  standing 
on  the  gfround  can  take  a  spark  from  him  just  as  he  could 
from  the  conductor  itself. 

351b.  Induction  Macbines. — The  principle  of  the  electro- 
phorus  has  been  applied  to  electricsd  machines  in  which  a 
small  initial  charge  produces  successive  induced  charges,  so 
that  a  large  charge  is  ultimately  obtained.  The  best  known 
types  of  these  machines  are  the  Holtz,  the  Voss,  and  the 
Wimshust.    The  two  latter  are  now  coming  greatly  into  use, 


ELECTRICAL  SEPARATION. 


337 


and  are  replacing  the  old  frictional  niachines.  One  very  im- 
portant advantage  of  the  Voss  and  the  Wimshurst  machines 
is  that  their  action  is  not  inuch  affected  by  a-  damp  atmo- 
sphere. 

Lesson  XL.— Condensers  of  Electricity. 

35a.  Condensers  of  Electricity. — Suppose  we  have  two 
insulated  circular  plates  of  brass,  A  and  B  (Fig.  116),  with 
a  glass  plate  between  them.  In  the  first  place,  let  the  plate 
A  be  removed  to  a  distance,  and  let  the  plate  B  be  connected 
with  the  conductor  of  an  electric  machine.  Suppose  next 
that  A  is  made  to  approach  the  glass  plate  on  the  left-hand 


Fig.  116. 

side,  and  is  at  the  same  time  connected  with  the  ground. 
The  positive  charge  of  B  will  decompose  part  of  the  neutral 
electricity  of  A,  driving  the  positive  to  the  ground,  and  keep- 
ing the  negative  on  the  side  next  the  glass. 

This  negative  electricity  will  react  on  the  positive  of  B, 
pulling  part  of  it  to  the  side  next  the  glass,  and  keeping  it 
there.  In  consequence  of  this  action  B  will  be  able  to  draw 
a  further  supply  of  electricity  from  the  conductor.  This 
further  supply  will  ggain  act  in  the  same  way ;  that  is  to  say, 
it  will  induce  negative  electricity  towards  the  side  of  A  next 
the  glass,  and  the  negative  of  A  will  in  turn  keep  this  further 
supply  to  the  side  of  B  next  the  glass. 

In  fine,  we  see  how,  by  an  arrangement  of  this  nature,  a 
large  quantity  of  positive  electricity  will  become  accumulated 
on  the  side  of  B,  next  the  glass,  and  a  large  quantity  of 
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negative  on  the  side  of  A  next  the  glass.  B  in  fact  will  draw 
the  electricity  of  the  conductor  towards  itself^  or  rather  to 
that  side  of  it  which  is  opposite  A. 

If  we  now  disconnect  B  from  the  conductor,  and  A  from 
the  ground,  and  if  A  and  B  are  both  furnished  with  electric 
pendulums  (Art.  337),  we  shall  find  that  there  is  no  appear- 
ance of  free  electricity  in  A  at  all,  the  reason  being  that  it  is 
all  held  to  the  side  next  the  glass,  and  is  thus  kept  from 
influencing  the  pith  ball.  On  B,  however,  there  is  some  free 
electricity,  as  is  seen  by  the  divergence  of  the  ball,  but  more 
electricity  that  is  not  free. 

If  we  now  separate  A  and  B  we  shall  find  that  a  large 
quantity  of  electricity  is  set  free  in  both,  and  the  pith  balls 
will  diverge ;  this  indicates  that  the  respective  electricities 
of  the  two  plates  are  now  not  so  accumulated  on  the  side 
next  the  glass,  but  are  more  equally  distributed  throughout 
the  plates,  and  can  therefore  affect  the  pith  balls.^ 

353.  The  Leyden  jar,  so  called  from  the  town  where  it 
was  first  discovered,  owes  its  effects  to  electrical  condensa- 
tion. It  consists  of  a  glass  jar 
(Fig.  117),  the  interior  of  which 
is  coated  with  tinfoil,  as  also  the 
outside  up  to  the  neck.  A  brass 
rod  terminating  in  a  knob  is 
placed  in  electric  communication 
with  the  inside  coating,  and  is 
secured  by  being  passed  through 
a  cork  which  closes  the  mouth  of 
the  jar.  Thus  the  jar  is  furnished 
with  an  outside  and  an  inside 
coating,  which  are  insulated  from 
one  another.  In  order  to  charge  the  jar,  its  outside  is  put 
into  connexion  with  the  earth,  or  held  in  the  hand,  while  the 
knob  connected  with  the  internal  coating  is  presented  to  the 
conductor  of  an  electrical  machine  at  work. 


Fig.  1x7. 


1  The  exact  action  of  the  condenser  can  only  be  understood  bjr  considering  its 
potential  ?)Xidi  capacity.  See  Stewart  and  Gee's  "  Practical  Physics  for  Schools," 
'ol.  I. 
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Positive  electricity  thus  becomes  condensed  on  the  in- 
ternal coating,  and  negative  on  the  external  coating  of  the  jar. 
There  is,  besides,  a  certain  amount  of  free  electricity  on  the 
knob  which  has  been  placed  in  contact  with  the  conductor 
of  the  machine ;  but  there  is  no  free  electricity  on  the  out- 
side coating,  the  charge  outside  being  wholly  disguised  owing 
to  its  attraction  for  the  charge  inside.  The  Leyden  jar  when 
thus  charged  may  be  set  upon  the  table,  where  it  will  re- 
main charged  for  some  time  if  the  atmosphere  be  dry. 

The  jar  may  be  discharged  by  means  of  a  discharging  rod 
(Fig.  118).  This  is  held  by  its  glass  handles,  and  one  of  the 
knobs  is  brought  into  contact  with  the  outer  coating,  while 
the  other  is  gradually  approached  towards  the  knob  con- 
nected with  the  interior  of  the 

jar;  when  the  two  knobs  are  ^^ ,  ^^^ 

near  together,  a  bright  spark  is    •"'   .        ■"•nw^^^ 
seen  to  pass,  accompanied  with 
a  report,  and  the  jar  is  dis- 
charged. 

If  the  discfaaige  takes  place 
through  the  human    body,   a  „        „ 

1.  t-       1     •     r  1^  FW.   118. 

sharp  shock  is  felt 

If  a  Leyden  jar  be  allowed  to  stand  for  a  short  time  after 
being  thus  discharged  it  is  found  that  it  has  a  small  residual 
charge  left  in  it  This  is  probably  occasioned  by  the  pene- 
tration of  the  electricities  into  the  substance  of  the  jar,  and 
it  is  found  to  vary  with  the  nature  of  the  jar  and  with  its 
thickness,  being  greater  for  a  thick  jar. 

354»  A  number  of  Leyden  jars  form  what  is  called  an 
electric  battery.  In  such  a  battery  all  the  outside  coatings 
are  metallically  connected  together,  and  made  to  communi- 
cate with  the  earth,  while  the  knobs  from  the  centres  of  the  jars 
are  also  connected  together  and  placed  in  communicatioa 
with  the  prime  conductor  of  an  electrical  machine.  It  will 
be  necessary  to  work  the  machine  for  a  considerable  time  in 
order  to  charge  to  the  full  extent  a  large  battery  ;  but  when 
it  is  completely  charged  it  forms  a  very  powerful  arrangement 
Great  care  is  therefore  requisite  in  discharging  it,  that  the 
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discharge  may  not  pass  through  the  body,  or  the  effects 
might  be  fatal 

35A.  The  Electric  Diseharse. — The  two  opposite  electri- 
cities often  recombine  suddenly  ;  but  sometimes  their  com- 
bination occupies  an  appreciable  portion  of  time. 

In  the  case  of  frictional  electricity,  which  we  arc  now  con- 
sidering, the  combination  is  more  often  instantaneous,  and  is 
accompanied  by  a  flash  of  light  and  also  by  heat.  If  the 
flash  be  examined  by  means  of  the  spectroscope,  it  is  found 
to  consist  of  a  small  portion  of  the  substance  of  the  terminals 
vaporized,  and  in  a  state  of  brilliant  incandescence,  together 
with  a  portion  of  the  air  between  the  terminals  also  incan- 
descent. This  spark,  or  a  similar  one  obtained  by  the  gal- 
vanic battery,  forms  in  fact  our  best  means  of  studying  the 
spectra  of  ignited  metallic  vapours. 

In  the  electric  spark  we  have  the  transmutation  of  the 
energy  of  electrical  separation  into  that  of  heat. 

Bearing  this  in  mind,  we  are  able  to  estimate  the  relation 
between  the  charge  and  the  amount  of  heat  produced  by 
discharging  a  jar.  Thus  let  d  denote  the  electric  density  or 
quantity  of  electricity  on  unit  of  surface  ;  now  the  attraction 
between  the  two  sides  will  vary  as  the  square  of//,  for  were 
the  charge  on  each  side  reduced  to  one-half  of  what  it  is,  the 
mutual  attraction  (Art.  345)  would  be  reduced  to  one-fourth, 
since  we  should  only  have  one-half  of  the  original  number 
of  electrical  elements  acting  each  on  one-half  the  number  of 
opposite  electrical  elements.  But  if  the  mutual  force  be 
increased  fourfold  by  doubling  the  electric  density,  it  is  clear 
that,  for  the  same  jar,- the  potential  energy  impliedin  elec- 
trical separation,  being  proportional  to  the  force  (see  Art.  99) 
will  also  be  increased  fourfold  ;  now  since  this  potential 
energy  IS  converted  into  heat  when  the  jar  is  discharged,  this 
heat  will  be  increased  fourfold  also. 

.  It  is  clear  in  the  next  place,  that  the  heating  effect  of  this 
discharge  will  be  proportional  to  the  surface  charged,  so  that 
the  whole  heatmg  eff      ^.^  ^  ^,^^^^^^^  ^^  ^^^  ^ 

!      "ir^.T    ?^'^  ^^'^^  '^^^^-     This  result  is  generally 
a  m  the  following  form  ;^Let  A  denote  the  heat  produced 
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by  a  discharge,  g  the  whole  quantity  of  electricity  in  the  jar, 
s  the  surface,  and  d  the  density  ;  then  bf  course  ^^^^,  hence 

^  =    -^»  and  Jience  the  whole  heating  effect,  or  h — which,  as 
s 

we  have  seen,  is  proportional  to  the  square  of  the  density 
multiplied  by  the  surface— will  vary  as  \^)  X  s  ;   that  is 

to  say,  as  ^—  or  w/V/  de  proporti&nal  to  the  square  of  the 

quantity  divided  by  the  surface.  The  electric  discharge 
produces  also  magnetical  and  chemical  effects,  which  will 
afterwards  be  described  when  we  come  to  treat  of  the  electric 
current. 

S56.  Bnrntlon  of  tiM  Spatk. — If  a  disc  coloured  with  the 
spectral  colours  in  their  proper  proportion  be  nfiade  to  rotate 
rapidly,  we  have  seen  (Ait.  288)  that  it  will  appear  white,  be- 
cause the  various  colours  follows  <Mie  anbther  so  rapidly  that 
the  eye  blends  them  altogether.  Could  we,  however,  manage 
to  view  the  disc  only  for  an  instant,  so  that  no  time  was 
allowed  for  the  blending  of  the  colours,  then  we  shoidd  see 
them  in  their  true  aspect,  and  the  disc  itself  would  appear  to 
be  at  rest.  Now  this  will  take  place  if  we  view  a  coloured 
revolving  disc  by  means  of  the  electric  spark  ;  the  disc  will 
be  seen  in  its  true  colours,  thereby  showing  that  the  duration 
of  the  spark  is  exceedingly  short. 

Sir  C.  Wheatstone  has  succeeded  in  measuring  this  dura- 
tion by  means  of  a  revolving  mirror.  A  reference  to  Art. 
162  will  show  that  a  very  small  angular  motion  of  a  mirror  is 
sufficient  to  convert  the  image  of  a  dot  of  light  into  a  line. 
If  therefore  a  mirror  can  be  made  to  revolve  through  a 
perceptible  angle  during  the  time  that  a  small  sparic  passes, 
the  image  of  the  spark,  as  given  by  the  mirror,  will  appear 
to  be  lengthened  out. 

By  a  method  of  this  kind,  Wheatstone  found  in  one  ex- 
periment that  the  spark  lasted  -zi^js  of  a  second  ;  and  he 
also  found  that  the  electric  fluid  travelled  at  the  rate  of 
288^000  miles  a  second  along  an  insulated  wire,  a  velocity 
which. is  greater  than  that  of  light. 
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Lesion  XLL— Atmospheric  Electricity,  etc. 

357.  Atmospherie  Eleetiieitsr.  —  It  had  long  been 
imagined  that  lightning  was  only  a  manifestation  of  elec-^ 
tricity  on  a  large  scale,  but  this  was  first  proved  by  Franklin, 
who  by  flying  a  kite  during  a  thunderstorm  obtained  from  the 
clouds  electricity  in  sufficient  quantity  to  charge  a  Leyden  jar. 

Taking  advantage  of  the  known  laws  of  electricity, 
Franklin  now  proposed  to  render  buildings  safe  from  the 
effects  of  lightning.  He  suggested  that  all  laige  buildings 
should  be  supplied  with  stout  pointed  metallic  rods,  extending 
into  the  air  to  some  distance  above  the  highest  point  of  the 
building,  and  on  the  other  hand  carried  down  into  moist 
earth.  By  this  means  it  is  found  that  the  destructive  effects 
of  lightning  may  be  avoided. 

The  noise  which  accompanies  the  electric  flash  is  probably 
due  to  the  very  sudden  expansion  by  heat  of  the  air  along 
which  the  current  passes,  while  its  destructive  effect  in  rend- 
ing substances  is  frequently  due  to  a  similar  cause,  there 
being  a  sudden  liberation  of  gas  under  intense  heat,  and  thus 
under  very  high  pressure.  The  flash  of  lightning  consists  of 
the  various  constituents  of  the  air  heated  up  to  incandescence, 
and  were  we  to  analyse  the  flash  by  means  of  the  spectro- 
scope, it  would  no  doubt  reveal  the  chemical  nature  of  the 
substances  through  which  the  discharge  had  passed. 

358.  IUvatratiT«  Bzperlments. — Let  us  take  a  hollow  brass 
ball  and  support  it  on  an  insulating  glass  stand.  If  we  now 
bring  this  insulated  conductor  near- an  electric  machine  in 
action  we  shall  get  a  spark,  but  it  will  be  very  feeble.  If, 
however,  we  touch  with  our  finger  that  part  of  the  conductor 
which  is  farthest  from  the  machine,  or  make  a  connexion 
between  this  conductor  and  the  ground,  the  spark  from  the 
machine  will  be  much  more  intense. 

This  illustrates  what  was  said  in  Art.  340  about  the  cause 

of  the  spark.     We  have  the  positive  electricity  of  the  machine 

decomposing  the  neutral  electricity  of  the  hollow  ball,  and 

ulling  the  negative  towards  itself  while  it  drives  the  positive 
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as  far  away  as  possible.  If,  however,  the  ball  is  insulated, 
the  positive  cannot  be  driven  away  very  far,  nor  the  two 
electricities  sufficiently  separated,  so  that  we  have  a  very 
feeble  spark.  But  if  we  touch  the  brass  ball,  or  connect  it 
with  the  earth,  this  positive  electricity  is  driven  to  the  earth  ; 
the  two  electricities  are  thus  well  separated,  and  there  is  a 
good  spark. 

In  the  experiment  now  described,  if  we  continue  to  touch 
the  brass  ball  and  at  the  same  time  to  work  the  electric 
machine,  a  succession  of  sparks  will  pass  through  our  body 
to  the  earth,  and  we  shall  feel  a  series  of  shocks.  The  spark 
from  the  electric  machine  may  in  truth  be  compared  to  a 
flash  of  lightning,  the  difference  being  that  the  one  is  only  a 
few  inches,  while  the  other  may  be  a  few  miles  long.  We 
may  perhaps  compare  the  thundercloud  to  the  electric 
machine,  or  generator  of  electricity,  while  the  air  performs 
the  part  of  the  badly  conducting  medium,  and  the  earth  that 
of  the  conducting  sphere  in  the  last  experiment. 

Now  suppose  that  we  vary  the  experiment  by  attaching  a 
metallic  point  to  the  brass  ball  between  it  and  the  machine, 
while  we  continue  to  touch  the  brass  ball  and  to  work  the 
machine  as  before.  We  shall  not  now  get  a  series  of  sparks 
from  the  machine,  but  only  a  continuous  rush  of  electricity. 
In  fact,  the  point  will  carry  off  the  electricity  almost  as 
rapidly  as  it  is  produced,  and  will  not  allow  it  to  gather  so  as  to 
form  a  spark,  and  we  shall  not  now  suffer  a  series  of  shocks. 

This  illustrates  the  efficacy  of  the  lightning-conductors 
mentioned  in  Art.  357  ;  for  the  pointed  rods  running  into  the 
moist  earth  will  carry  off  the  electricity  in  a  silent  manner, 
just  as  the  point  attached  to  the  ball  does  in  the  experiment 
now  described.  A  building  well  protected  by  such  pointed 
conductors  is  consequently  safe  from  the  destructive  effects 
of  the  lightning  discharge  ;  for  even  if  these  do  not  succeed 
in  preventing  the  discharge,  they  will  at  least  lessen  its 
violence,  and  prevent  it  from  injuring  the  building. 

359.  Connexion  between  Electrical  Separation  and  the 
other  Forms  of  Energy-T- Having  agreed  to  consider  the  two 
opposite  electricities  as  two  fluids  which  have  a  strong  attrac- 
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tion  for  each  other,  it  is  manifest  that  it  will  require  an 
expenditure  of  energy  to  separate  these  two  attractive  fluids 
from  one  another,  just  as  much  as  it  will  to  separate  a  stone 
from  the  earth. 

When  therefore  we  have  obtained  by  an  expenditure  of 
energy  the  two  electricities  in  a  separated  state,  we  have 
converted  the  energy  spent  by  us  into  a  form  of  potential 
energy,  or  energy  of  position,  inasmuch  as  we  have  thereby 
obtained  in  a  separated  state  two  bodies  differently  electrified, 
and  therefore  mutually  attracting  each  other. 

In  the  electric  machine  it  is  actual  mechanical  energy 
that  is  converted  into  that  of  electricsd  separation,  the 
electricity  produced  making  it  so  much  harder  to  drive  the 
machine. 

Again,  when  electrical  separation  is  produced  in  a  tour- 
maline by  the  action  of  heat  (Art.  339),  it  is  evidently  part 
of  the  energy  of  the  heat  that  is  changed  into  electrical 
separation  ;  so  much  heat  has  in  fact  disappeared,  and 
so  much  electrical  separation  has  been  created  in  its 
place. 

As  far  as  we  are  aware,  radiant  energy  cannot  be  directly 
transmuted  into  electrical  separation. 

On  the  other  hand,  the  energy  of  electrical  separation 
is  transmuted  into  that  of  visible  motion,  when  two  bodies 
oppositely  electrified  are  allowed  to  approach  each  other,  and 
it  is  transmuted  first  of  all  into  electricity  in  motion,  and 
after  that  into  heat,  when  a  spark  is  dlowed  to  pass  between 
the  two  oppositely  electrified  bodies. 


CHAPTER  VIII. 
MAGNETISM. 

Lesson  XLIL—FundamenI-al  Facts. 

860.  Tbe  Natural  Masaet. — There  is  a  certain  kind  of 
iron  ore  ^  which  has  the  property  of  attracting  iron.    This 
circumstance  was  known  to  the  ancients  ;  and  as  the  ore  was 
first  found  in  Magnesia,  a  place  in  Asia  Minor,  this  gave  ri&e-'" 
to  the  term  Masnet. 

It  will  be  afterwards  shown  how  a  long  steel  bar  may  be 
made  into  a  magnet  much  more  powerful  than  any  which 
occurs  in  nature ;  the  properties  of  a  magnet  may  therefore 
be  advantageously  studied  in  such  a  bar. 


Fig.  119. 

361.  Properties  of  a  Maenet. — If  A  B  denote  a  long  steel 
magnet,  and  a  small  bit  of  soft  iron  be  brought  near  it,  the 
iron  will  be  attracted  to  it,  especially  near  the  extremities  of 
the  bar ;  there  will  however  be  no  attraction  at  the  middle  of 
the  bar. 

In  like  manner  iron  filings  may  be  made  to  attach  them- 
selves to  such  a  magnet,  and  they  will  cluster  roimd  the 

*  Chemically  it  is  known  as  magnetic  oxide  ofirofh  ^d  has  the  symbol  FesO^. 
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extremities  as  in  the  figure,  but  they  will  show  no  disposition 
to  attach  themselves  to  the  centre  of  the  bar.  The  appear* 
ance  of  the  iron  filings  leads  us  at  once  to  the  belief  that 
there  arc  two  centres  of  force  in  the  magnet,  one  near  each 
extremity,  and  these  two  points  are  called  the  p«A«a  of  the 
magnet  Again,  if  the  magnet  itself  be  suspended  horizon-* 
tally  by  a  thread,  it  will  be  found  to  point  with  its  length  in  a 
definite  direction,  to  which  it  will  always  return,  resisting 
every  attempt  to  twist  it  away.  This  direction  is,  in  Great 
Britain,  approximately  north  and  south,  and  the  pole  which 
points  to  the  north  may,  for  convenience  sake,  be  marked  and 
termed  the  marked  pole,  to  distinguish  it  from  the  other.  It 
is  frequently  called  the  north  pole  of  the  magnet,  but  this 
name  is  apt  to  create  confusion. 

aea.  Masnatlc  and  DiamaffiiAtle  Bodies. — Let  us  now 
suppose  that  we  have  got  a  very  powerful  steel  magnet ;  a 
small  bit  of  soft  iron  will,  as  we  have  seen,  be  attracted  to 
either  of  its  poles.  This  attraction  for  iron  will  be  very 
strong  if  the  magnet  be  powerful,  and  it  has  been  dis- 
covered by  Faraday  that  many  other  substances  will  be 
attracted  by  such  a  magnet,  only  not  so  stronglx  as  a  bit 
of  iron.  Thus  among  the  metals,  nickel,  cobalt,  manganese, 
platinum,  osmium,  and  palladium  are  magnetic,  and  so  also 
are  paper  and  sealing-wax  among  non-metallic  substances. 

On  the  other  hand,  Faraday  found  that  certain  sub- 
stances are  repelled  by  such  a  magnet ;  these  he  termed 
diamagnetic.  Among  the  metals,  bismuth,  antimony,  zinc, 
tin,  mercury,  lead,  silver,  copper,  gold,  and  arsenic  are 
diamagnetic,  being  repelled  from  the  poles  of  a  strong 
magnet.  Rock-crystal,  phosphorus,  and  sulphur  are  also 
repelled.  This  repulsion  is  most  marked  in  bismuth,  but  it 
is  very  much  less  strong  than  the  attraction  exerted  between 
the  magnet  and  iron. 

In  fact,  most  bodies  are  either  sensibly  attracted  or  re- 
pelled by  the  pole  of  a  powerful  magnet,  but  its  attraction 
for  iron  is  much  stronger  than  its  attraction  or  repulsion  for 
any  other  body. 

363.     Suppose  now  that  we  place  the  marked  pole  of  a 
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powerful  magnet  near  the  unmarked  pole  of  another,  or 
what  is  a  better  arrangement,  have  one  powerful  magnet 
shaped  so  that  its  two  poles  come  close  together. 

Let  A  and  B  (Fig.  120)  denote  the  two  poles  of  such  a 
magnet,  and  let  there  be  an  arrangement  by  means  of  which 
we  can  suspend  different  bodies  mid- 
way between  the  two  poles.  If  we 
first  of  all  suspend  a  needle  or  slip 
of  iron,  it  will  point  aiciallri  that  is 
to  say,  its  length  will  lie  in  the  line 
joining  the  two  poles,  as  in  the  figure. 

If,  however,  the  needle  be  made 
of  bismuth  and  not  of  iron,  it  will 
not  point  axially,  but  transversely  or 
•qnatoriaUy,  that  is  to  say,  its 
length  will  be  in  a  line  at  right 
angles  to  that  joining  the  two  poles,  and  generally  it 
will  be  found  that  all  magnetic  substances^  or  those  which 
are  attracted  ta  a  single  pole^  will  point  axially  when  placed 
between  two  poles,  while  all  diamagnetic  substances,  or 
those  repelled  by  a  single  pole,  will  point  equatorial ly.  In 
fact,  a  magnetic  substance  placed  between  two  such  poles 
will  endeavour  to  get  as  near  to  these  poles  as  possible,  so 
that  it  will  place  itself  axially  ;  while,  on  the  other  hand,  a 
diamagnetic  substance  will  keep  as  far  away  as  possible,  so 
that  it  will  place  itself  equatorially  or  transversely. 

se^.  It  is  instructive  to  observe  what  will  take  place  if  the 
substance  is  suspended  in  a  magnetic  liquid  instead  of  in  air. 

Thus  mica  is  magnetic,  and  in  air  will  point  axially  ;  and 
a  solution  of  protochloride  of  iron  is  also  magnetic,  and  to  a 
greater  degree  than  mica.  Now  what  will  happen  if  the  slip 
of  mica  be  suspended  in  a  solution  of  protochloride  of  iron 
and  then  exposed  to  magnetic  influence  1  In  this  case, 
instead  of  pointing  axially,  it  will  point  equatorially  ;  that  is 
to  say  a  magnetic  substance  suspended  in  a  fluid  more 
magnetic  than  itself  will  appear  to  be  diamagnetic*  And  in 
like  manner  a  diamagnetic  substance  suspended  in  a  liquid 
more  diamagnetic  than  itself  will  appear  to  be  magnetic. 
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365.  Action  Of  Masnots  upOn  oaeli  othOr. — Having  thus 
described  the  action  of  magnets  upon  bodies  in  general, 
let  us  now  proceed  to  their  action  upon  one  another. 

Suppose  that  we  swing  a  small  magnet,  suspended  by  a 
thre,ad,  and  that  we  cause  a  powerful  magnet  to  approadi  it. 
We  shall  find  that  the  marked  pole  of  the  small  magnet  will 
be  repelled  by  the  similar  pole  of  the  large  one,  while  it  will 
be  attracted  by  the  opposite  or  unmarked  pole.  In  fine,  we 
have  here  a  law  similar  to  that  which  holds  in  electrified 
bodies,  in  consequence  of  which  like  poles  repely  while  unlike 
poles  attract  each  other. 

Coulomb  has  applied  his  torsion  balance  in  order  to 
discover  the  law  of  magnetic  attraction  and  repulsicMi,  and  he 


Fig.  I2X. 

finds  that  the  forces  exhibited  vary  inversely  as  the  square  of 
the  distance. 

Thus  in  the  above  figure,  if  we  suspend  a  small  magnet 
{ab)j  and  cause  to  approach  it  the  pole  A  of  a  laige 
magnet  {a  and  A  being  similar  poles),  we  shall  first  of  all 
have  a  repulsion  exerted  between  A  and  a  proportional 

to     ^        and  we  shall  have  an  attraction  between  -A  and  b 

<A^^)«,  

proportional  to    — - — 
^    ^  K^b)K 

The  consequence  will  be  that  the  small  magnet  will  point 
as  in  the  figure ;  that  is  to  say,  the  pole  b  will  place  itself 
opposite  A,  and  not  only  so,  but  the.  small  magnet,  if  it  be 
free  to  move,  will  have  a  tendency  4x)  rush  bodily  to  the  large 
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magnet,  its  tendency  being  represented  by  the  excess  of  the 
attraction  over  the  repulsion,  that  is  to  say,  being  proportional 

II 
^^  (A  bf      (A  af 

*  366.  Magnetic  Induction. — ^While  the  mutual  action  of 
magnets  may  be  compared  to  that  of  electrified  bodies  upon 
each  other,  that  of  a  magnet  upon  a  piece  of  soft  iron  may 
be  compared  in  some  respects  to  the  action  of  an  electrified 
upon  a  neutral  body. 

We  may  regard  the  magnet  as  decomposing  the  neutral 
magnetic  fluid  of  the  soft  iron,  in  a  manner  like  that  in 
which  an  electrified  substance  decomposes  the  neutral  fluid 
of  the  body  near  it  Thus  if  the  marked  pole  A  of  a  large 
magnet  be  presented  to  a  bit  of  soft  iron,  the  soft  iron 
becomes  temporarily  a  magnet,  having  its  unmarked  pole  b 
next  the  marked  pole  A  of  the  large  magnet,  while  the 
marked  pole  a  of  the  small  bit  of  iron  will  be  at  the  extremity 
farthest  from  A.  The  attraction  of  A  for  b  will  therefore  be 
greater  than  its  repulsion  for  «,  and  hence  the  bit  of  iron 
will  be  bodily  attracted  to  the  large  magnet,  and  will  pro- 
bably fly  towards  it,  and  attach  itself  to  its  extremity  or  pole. 
This  is  the  reason  why  iron  filings  attach  themselves  to 
magnets,  and  a  bundle  of  nails  or  even  a  heavy  iron 
weight  may  be  held  up  in  this  manner  by  a  very  powerful 
magnet.  - 

367.  Effect  of  Breakingr  a  Magnet. — ^^It  might  be  supposed 
that  if  we  broke  a  magnet  A  B,  we  should  get  two  magnets, 
one  containing  only  the  marked  pole  A,  and  the  f>ther  only 
the  unmarked  pole  B  of  the  original  magnet,  just  as  in  the 
experiment  of  Art.  340  we  separated  the  two  electricities  of 
the  neutral  conductor.  Such,  however,  is  by  no  means  the 
case ;  for  when  we  break  a  large  magnet  into  two,  it  imme- 
diately forms  two  small  complete  magnets.  Thus  if  we  break 
a  magnet  A  B  (Fig.  122)  at  its  centre,  a  pole  B'  is  immediately 
formed  to  the  left  hand  of  the  point  of  rupture,  and  a 
pole  a'  to  the  right,  so  that  A  b'  and  a'  b  are  two  complete 
magnets. 
•  Thus  by  breaking  a  magnet  into  a  number  of  pieces  we 
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make  so  many  separate  magnets ;  and  in  order  to  explain 
thisy  it  has  been  supposed  that  all  the  magnetism  of  one 
kind  is  not  concentrated  in  the  marked  pole  of  a  magnet, 
and  all  that  of  the  opposite  kind  in  the  unmarked  pole,  but 
that  in  each  particle  throughimi  the  body  of  the  magnst' 
there  is  a  separation  between  the  two  magnetismSy  so  that 
the  state  of  things  in  a  magnet  may  be  exhibited  by 
Fig.  122. 

Now  if  a  piece  of  soft  iron  be  brought  into  the  neigh-* 
bourhood  of  this  arrangement  at  the  left,  the  marked  pole 
(tf)  of  each  particle  of  the  magnet  will  be  somewhat  nearer 
the  soft  iron  than  the  unmarked  pole  (^).  and  the  sum  of  all 
the  small  effects  upon  the  soft  iron  will  be  to  the  same  effect 

A  ^'-^        


w>^h  a^m^b  a^^h 
v.^i  a^—b  v-^b 


r^^mb  ami^b  a^m^b 
a.^b  a^^b  a^^b 
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as  if  all  the  magnetiam  comsponding  to  the  maikadrpc4e 
«ere  concentrated  in  the  left-hand  end  of  the  magnet,  and 
all  the  opposite  magnetism  in  the  other  end.  Also  we  see  at 
once  that  if  a  magnet  consist  of  an  arrangement  of  this 
kind,  and  if  it  be  broken  into  two  parts,  each  part  will 
become  a  second  magnet  precisely  similar  to  the  whole. 

368.  How  to  maJM  Blaffxieto. — When  soft  iron  is  made  to 
approach  a  magnet,  temporary  magnetic  poles  are  readily 
induced  in  the  soft  iron,  so  that  it  becomes  a  magnet  for  the 
time  being,  and  while  attracted  to  the  magnet,  it  will  attract 
another  piece  of  soft  iron,  just  as  the  magnet  itself  would. 
Nevertheless  all  these  properties  are  lost  as  soon  as  the  soft 
iron  is  removed.  We  are  therefore  justified  in  saying  that 
soft  iron  cannot  retain  magnetism,  and  that  we  cannot  have 
a  permanent  magnet  made  of  this  substance.  Hard  steel 
is  the  substance  that  can  be  best  made  into  a  permanent 
magnet. 

We    may    magnetize    a    steel    bar    by    the    following 

'>cesses : — 
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I.  Method  of  Single  Touch, 

This  method  is  chiefly  used  for  magnetizing  small  pieces  of 
steel  such  as  sewing  needles.  The  steel  must  be  repeatedly 
rubbed  across  one  pole  of  the  magnet.  If  the  marked  pole 
be  used,  the  end  of  the  steel  which  leaves  the  magnet  first 
will  also  be  a  marked  pole. 

II.  Method  of  Divided  Touch. 

Let  b"  a"  (Fig.  123)  be  the  bar  which  we  wish  to  magne- 
tize, and  let  B  A,  B'  A'  be  two  powerful  magnets,  A  being  the 
marked  pole  of  the  one,  and  B'  the  unmarked  pole  of  the 


Fig.  123, 

other.  Bring  the  two  magnets  together,  as  in  the  figure,  at 
the  centre  of  the  bar  to  be  magnetized,  then  simultaneously 
draw  them  along  the  bar  towards  the  extremities,  moving  A 
towards  b"  and  b'  to  a".  Repeat  this  process  several  times, 
and  it  will  be  found  that  the  bar  has  become  a  magnet,  with 
A"  for  its  marked  and  b"  for  its  unmarked  pole. 

369.  Sffect  of  Heat  on  Masnets. — When  a  magfnet  is 
slightly  heated  it  loses  part  of  its  magnetism,  which  is  mostly 
recovered  when  it  is  again  cooled  to  its  original  temperature ; 
but  if  it  be  heated  beyond  a  certain  limit,  the  loss  of  magnet- 
ism will  not  be  recovered  when  it  cools,  and  if  heated  to 
redness  it  loses  all  trace  of  magnetic  properties  of  any  kind. 
Soft  iron  also,  when  heated  to  redness,  loses  the  property  of 
being  attracted  by  a  magnet. 

A  similar  limit  exists  in  the  case  of  the  other  magnetic 
metals,  nickel  and  cobalt,  which  if  heated  sufficiently  will 
ultimately  lose  their  magnetic  properties. 
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Lesson  XLI  I  L— Terrestrial  Magnetism. 

370.  Tkm  Earth  sets  mm  a  Maeaet. — If  a  magnetic  needle 
be  suspended  horizontally  it  will  point  in  this  country  in  a 
direction  nearly  north  and  south,  the  marked  pole  being 
about  1 8°  to  the  west  of  the  north.  A  vertical  plane  passing 
through  the  poles  of  such  a  needle  is  called  the  magnetic 
meridian. 

Thus  if  N  s  (Fig.  125a)  be  the  geographical  north  and 
south,  then  M  M'  will  be  the  magnetic  north  and  south,  as 
indicated  by  a  magnet  pivoted  to  move  freely  in  a  korizonial 
plane.    A  plane  passing  through  M  M'  will  be  the  magnetic 


Fig.  lasa 

meridian  of  the  place.    The  angle  18=  is  caDed  the  rffe- 

Again,  if  a  truly  balanced  needle  be  suspended  by  a 
delicate  horizontal  axle,  so  placed  that  the  magnet  moves 
in  the  plane  of  the  magnetic  meridian,  the  marked  pole  will 
dip  downwards,  until  the  needle  makes  an  angle  with  the 
Horizon  of  about  68°. 
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Thus  if  S  N  (Fig.  123^)  be  a  magnet  pivoted  so  that  it 
may  move  freely  in  the  vertical  plane  of  the  magnetic 
meridian,  it  will  ultimately  take  up  the  position  shown. 
The  angle  68°  is  called  the  inclination  or  dip^  and  a 
magnet  mounted  for  the  observation  of  the  dip  is  called  a 
dip-needle. 

We  are  therefore  justified  in  saying  that  were  a  magnetic 
needle  perfectly  free  to  place  itself  as  it  chose,  it  would  be 
foimd  in  a  vertical  plane  passing  18°  to  the  west  of  north, 
and  with  its  marked  pole  dipping  downwards  and  making  an 
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angle  of  68°  with  the  horizon.  The  earth,  in  fact,  acts  like  a 
gigantic  magnet,  of  which  the  unmarked  pole  lies  to  the 
north,  and  the  marked  pole  to  the  south,  in  consequence  of 
which  the  marked  pole  of  a  freely  suspended  needle  points 
in  this  country  approximately  to  the  north.  It  is  this  pro- 
perty that  makes  the  magnetic  needle  of  such  value  to 
mariners,  who  might  not  otherwise  know  in  what  direction 
to  steer. 

But  the  marked  pole  of  a  needle  will  not  everywhere  and 
always  point  as  it  does  in  Great  Britain  at  tiie  present 

A  A 
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moment.  Two  hundred  years  ago  the  needle  pointed  to  the 
true  geographical  north  in  London,  while  now  it  points  i8° 
to  the  west  of  north.  Again,  if  we  travel  far  to  the  north  we 
come  to  a  place  that  is  called  the  magnetic  pole,  where  the 
needle,  if  free  to  place  itself  as  it  chose,  would  point  with 
its  marked  end  vertically  downwards ;  at  this  place  also, 
were  it  horizontally  balanced,  it  would  have  no  tendency  to 
turn  in  one  direction  more  than  another ;  in  fact,  the  un- 
marked magnetic  pole  of  the  earth  being  there  directly 
under  our  feet,  the  needle  merely  points  with  its  marked 
pole  vertically  downwards,  and  is  thus  of  no  use  to  the 
mariner.  In  like  manner,  if  we  travel  far  south  we  shall 
come  to  the  earth's  marked  pole,  where  the  unmarked  end 
of  our  needle  will  point  vertically  downwards,  and  where 
a  horizontally  suspended  needle  will  settle  in  any  direction. 

It  is  unknown  in  what  manner  the  earth  acquired  its 
magnetism,  but  it  has  been  discovered  by  Sir  E.  Sabine 
that  the  magnetic  properties  of  the  earth  are  in  some  way 
connected  with  the  spots  which  appear  from  time  to  time  on 
the  surface  of  the  sun,  so  that  in  those  years  when  there  are 
most  spots,  there  are  most  disturbances  of  the  magnetism  of 
the  earth. 

We  ought  to  mention  that  the  effect  of  the  earth's  mag- 
netism upon  a  magnetic  needle  is  merely  dfrective  ;  that  is  to 
say,  the  earth  twists  round  a  freely  suspended  needle,  but 
does  not  attract  it  bodily  otherwise  than  it  does  any  ordinary 
non-magnetic  substance.  The  reason  is,  that  the  magnetic 
pole  of  the  earth  is  very  far  removed  from  the  poles  of  the 
needle,  so  that  the  attraction  of  the  earth's  pole  for  the  one 
pole  of  the  needle  is  not  sensibly  greater  than  its  repulsion 
for  the  other,  and  therefore  the  needle  is  not  bodily  attracted 
towards  the  earth  in  virtue  of  its  being  a  magnet. 

Lesson  XLIV.— Magnetic  Measurements. 

371.  Fundamental  lAw. — In  a  long  and  thin  bar  magnet 
we  may  assume  that  the  magnetic  force  is  concentrated  in 
the  two  ends  of  the  magnet.     Let  such  a  magnet  be  sus- 
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pended  horizontally  in  a  Coulomb's  torsion  balance,  and 
let  a  similar  magnet  be  introduced  vertically  into  the  balance 
case.  By  the  method  of  Art.  343  we  may  now  study  the 
influence  of  the  nearer  poles  on  each  other.  Thus  if  s  N  and 
N'  S'  (Fig.  123^)  be  the  fixed  and  suspended  magnets 
respectively,  then  the  force  of  repulsion  between  N  and  N'  will 
depend  only  upon — 

(i)  The  strength  of  each  of  the  two  poles, 

(2)  The  distance  of  the  poles  apart. 
If  we  make  the  additional  assumption  that  the  poles  S  and  s' 
are  sufficiently  distant  to  make     ^ 
their    action    negligible.       The 
exact  law  relating  to  the  repul- 
sion or  attraction  of  two  magnetic 
poles    corresponds   to  that    ex- 
plained in  Art.  345  and  may  thus 
be  written  : 

where/  and/'  are  the  magnetic 

strengths  of  the  two  poles,  //the  p^ 

distance  between  them,   and   F 

the  whole  force  of  mutual  attraction  or  repulsion.   The  upper 

sign  must  be  used  when  there  is  repulsion,  and  the  lower 

sign  when  there  is  attraction. 

37fl.  Uaes  of  Force. — Take  a  long  bar  magnet  and 
place  over  it  a  sheet  of  cardboard.  Now  scatter  fine  iron 
filings  over  the  cardboard,  tapping  gently  meanwhile  the 
latter.  It  will  be  seen  that  the  filings  arrange  themselves  in 
perfectly  regular  curves  about  the  magnet.  These  curves 
are  called  the  lines  of  force.  It  would  be  an  interesting 
exercise  for  the  student  to  obtain  them  with  different 
arrangements  of  magnetic  poles.  The  lines  of  force  are 
graphical  representations  of  the  action  of  magnetic  force. 
Where  they  are  close  together  this  denotes  a  region  where 
the  force  is  very  strong,  and  where  they  are  very  far 
apart  this  denotes  a  region  where  the  force  is  very  weak. 
Should  the  lines  be  parallel  the  field  of  magnetic  force  is 

A  A  2 
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uniform.  If  a  very  small  magnet  be  placed  in  a  field  of 
magnetic  force  it  will  place  its  longer  direction  so  as  to  be  a 
tangent  to  the  line  of  force  passing  through  its  centre.  This 
is  precisely  the  behaviour  of  the  particles  of  iron  in  the  above 
experiment.  Every  particle  becomes  magnetized  by  in- 
duction, and  then  turns  itself  so  as  to  be  a  tangent  to  a 
magnetic  curve.  It  can  be  readily  shown  that  the  shape  of 
the  magnetic  curves  is  a  direct  consequence  of  the  funda- 
mental law  of  the  preceding  article. 

373.  Intensity  of  Magnetic  Field.  —  To  express  in 
numerical  terms  the  strength  of  any  part  of  a  magnetic  field 
we  suppose  that  a  unit  pole  \s  placed  there,  then  the  force 
expressed  in  dynes  acting  upon  it  will  measure  the  intensity 
of  the  magnetic  field.  To  measure  the  intensity  of  the  earth's 
magnetism  at  various  places  is  an  important  problem  in 
magnetism,  for  although  in  a  limited  area  the  force  may  be 
considered  uniform,  yet  the  intensity  differs  very  notably  in 
different  parts  of  the  earth.  Magnetism  in  this  respect  thus 
resembles  gravity,  and  just  as  we  may  compare  the  value  of 
the  acceleration  of  gravity  at  different  places  by  ascertaining 
the  time  of  vibration  at  these  different  localities  by  means  of 
an  ordinary  pendulum,  so  may  we  compare  the  values  of  the 
magnetic  intensities  by  using  a  magnetic  pendulum. 

.  374.  The  Method  of  Vibrations.— The  direction  of  the 
earth's  magnetic  force  is  the  same  as  the  dipping  needle, 
hence  a  dipping  needle  would  be  the  kind  of  magnetic 
pendulum  required  ;  and  a  determination  of  its  time  of 
vibration  would  provide  us  with  a  measure  of  the  local 
intensity.  Instead,  however,  of  using  a  magnetic  pendulum 
vibrating  under  the  total  intensity  of  the  earth's  magnetism, 
it  is  more  usual  to  allow  only  the  horizontally  resolved  portion 
to  be  operative.  This  is  secured  by  hanging  the  magnet  in 
a  stirrup  so  that  it  can  vibrate  horizontally.  An  apparatus 
convenient  for  the  purpose  is  shown  in  Fig.  123^/.  The 
magnet  is  suspended  in  a  light  stirrup  j,  and  supported  by  a 
few  silk  fibres  held  by  a  hook  h,  that  is  supported  by  the  cap 
r  fitting  a  glass  tube  /  fitted  to  the  collar  /.  A  narrow  window 
w  allows  the  magnet  to  be  observed.    The  time  of  vibration  is 
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ascertained  by  noting  the  times  at  which  the  index-mark  m 
(consisting  of  a  piece  of  paper  grummed  on  the  end  of  the 
magnet)  crosses  the  line  //'  ruled  on  a  piece  of  mirror  glass 
placed  at  the  bottom  of  the  box.  Let  us  suppose  the  time 
of  vibration  /  has  been  correctly  ascertained  at  a  place  where 
the  horizontal  magnetic  force  is  H.    Let  the  observation  be 


Fig.  i2yL 


now  repeated  at  some  other  locality  where  the  time  of  vibra- 
tion is  /',  then  if  h'  is  now  the  horizontal  intensity,  we  shall 
have  the  following  relation — 

H'     /a 
or  the  horizontal  intensities  are  inversely  as  the  squares  of  the 
times  of  vibration. 

375.  The  Moment  of  a  Magnet.— Suppose  NS  (Fig.  123^) 
be  a  magnet  free  to  move  in  a  xmiform  field  of  force  of  unit 
strength.    If  it  be  deflected  out  of  its  position  of  rest  N  s  to 
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the  position  N'S'  perpendicular  to  the  lines  of  force  it  will 
have  now  a  tendency  to  return  to  its  original  position,  for  it  is 
acted  upon  by  two  equal  and  opposite  forces  each  of  strength 
fHy  where  tn  is  the  strength  of  each  of  the  poles.  In  other 
words,  it  is  under  the  action  of  a  couple.  Now  the  turning 
power  of  a  couple  is  measured  by  the  product  of  one  of  the 
forces  by  the  perpendicular  distance  between  them.  In  the 
particular  case  under  consideration  the  moment  of  the  mag- 


^ 
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netic  couple  is  m  /,  where  /  is  the  distance  apart  of  the  poles. 
It  is  convenient  to  give  a  special  name  to  this  product,  and 
to  call  it  the  moment  of  the  magnet.  Hence  if  the  moment 
of  the  magnet  be  denoted  by  M,  we  have  yi.'=^mL 

376.  The  Method  of  Deflectlonii.  —  To  compare  the 
moments  of  magnets  it  is  convenient  to  use  an  apparatus 
such  as  is  shown  in  Fig.  123^  It  consists  of  a  compass  box 
with  a  small  pivoted  magnet  at  its  centre,  and  provided  with 
a  long  pointer//'  which  moves  over  a  graduated  circle.  The 
apparatus  is  placed  so  that  the  two  graduated  arms  A  and 
B  are  at  right  angles  to  the  magnetic  meridian,  and  then  one 
of  the  magnets  N  s  under  comparison  is  placed  as  shown. 
This  magnet  causes  the  compass  magnet  to  be  deflected  from 
its  position  of  rest.    The  angle  of  deflection  is  observed,  and 
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the  magnet  N  s  replaced  by  another  one,  taking  care  that  its 
centre  is  at  the  same  graduation  mark  on  the  arm  A  that  N  s 
was.  Then  the  moments  of  the  magnets  will  be  directly  as 
the  tangents  of  the  deflections. 

377.  Determination  of  the  Horizontal  Intensity  of  the 
Earth's  Magnetism. — If  we  first  determine  the  time  of 
vibration  of  a  magnet  by  the  use  of  the  Vibration  Magnetom- 
eter, and  then  use  it  to  deflect  the  magnet  of  the  Deflection 
Magnetometer,  the  double  observation  will  enable  us  to 
ascertain  not  only  the  horizontal  intensity  of  the  earth's 


Fig.  123/ 


magnetism,  but  also  the  moment  of  the  magnet.  For  calling 
the  first  M  and  the  second  H  the  vibration  observation  gives 

MH  =  A (i) 

where  the  quantity  A  can  be  expressed  in  terms  of  the  time 
of  vibration,  the  dimensions,  and  mass  of  the  magnet.  The 
deflection  observation  gives 


H 


(2) 


where  B  involves  the  tangent  of  deflection  and  the  distance 
apart  of  the  centres  of  the  two  magnets.     From  the  two 
equations  (i)  and  (2)  it  is  easy  to  find  boii  H  and  M. 
378.    The    Magnetic    Elements.  —  We    shall    have  full 
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knowledge  of  the   magnetic  condition  of  a  place  if  we 
know  : — 

(i)  The  Magnetic  Declination. 

(2)  The  Magnetic  Dip. 

(3)  The  Total  Magnetic  Intensity. 

These  are  called  the  Magnetic  Elements.  We  have  in- 
dicated the  method  of  ascertaining  the  first  two.  The  third 
may  be  calculated  from  a  knowledge  of  the  dip  and  the 
horizontal  magnetic  intensity. 


CHAPTER    IX. 
ELECTRICITY   IN   MOTION. 

Lesson  XLV.— Voltaic  Batteries. 

379.  In  the  year  1786,  Galvani,  Professor  of  Anatomy  in 
Bologna,  remarked  that  convulsions  were  produced  in  the 
leg  of  a  frog  when  the  lumbar  nerves  were  connected  with  the 
crural  muscles  by  means  of  a  circuit  composed  of  the  two 
metals  iron  and  copper,  and  he  attributed  the  effect  to 
electricity  inherent  in  the  animal.  Shortly  afterwards  the 
subject  was  taken  up  by  the  celebrated  Volta,  who  came  to 
the  conclusion  that  the  source  of  electricity  in  Galvani's 
experiment  was  the  contact  of  two  heterogeneous  metals  ; 
and  he  was  soon  led  by  this  view  to  construct  a  pile,  which  is 
the  origin  of  the  Galvanic  or  Voltaic  batteries  of  the  present 
day. 

His  pile  was  of  very  simple  construction.  He  built  on  an 
insulated  foundation  of  glass  or  resin  a  number  of  discs 
placed  in  the  following  order  : — a  disc  of  copper,  one  of  zinc, 
and  one  of  cloth  or  flannel,  moistened  with  acidulated  water ; 
then  copper,  zinc,  cloth,  as  before. 

Now  in  such  an  insulated  pile  it  may  be  shown,  by  means 
of  the  electroscope,  that  the  lower  half  is  charged  with 
negative,  and  the  upper  half  with  positive  electricity,  and 
that  the  tension  is  most  powerful  at  the  extremities,  so  that 
the  lower  copper  plate  is  decidedly  negative,  and  the  upper 
zinc  plate  decidedly  positive  in  its  indication.    If  now  the 
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extremities  of  the  pile  be  connected  together  by  a  wire,  as  in 
Fig.  124,  the  two  electricities  will  tend  to  unite  by  means  of 
this  wire,  and  there  will  be  a  current  of  positive  electricity 
flowing  from  the  upper  zinc  to  the 
lower  copper  ;  or  we  might  say  with 
equal  propriety,  a  current  of  negative 
electricity  flowing  between  the  lower 
copper  and  the  upper  zinc  ;  but,  for 
the  sake  of  simplicity,  we  only  speak 
of  the  positive  current.  And  in  order 
to  complete  the  circuit,  the  current  of 
positive  electricity  will  flow  in  the 
pile  itself  from  the  zinc  to  the  cloth, 
and  from  the  cloth  to  the  copper  above  it,  and  so  on. 

Now  this  combination  of  the  two  opposite  electricities  will 
be  attended  by  heat,  and  thus  we  have  a  heating  effect 
produced  when  a  voltaic  pile  has  its  terminals  connected 
together  by  means  of  a  wire. 

380.  Volta  afterwards  replaced  his  pile  by  another  arrange- 
ment, which  he  called  a  crown  of  cups.  This  arrangement 
is  exhibited  in  Fig.  125.  Here  the  zinc  and  copper  plates  are 
connected  by  wires  and  placed  in  glass  vessels  containing 


Fig.  125. 

dilute  sulphuric  acid.  This  liquid  corresponds,  therefore,  to 
the  acidulated  cloth  discs  placed  between  the  zinc  and 
copper  in  the  original  pile  ;  and  just  as  in  the  pile  when  the 
extremities  were  connected  together  there  was  a  current  of 
positive  electricity  proceeding  from  the  zinc  to  the  cloth,  and 
from  the  cloth  to  the  copper  through  the  pile  itself,  so  here 
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there  will  be  a  current  of  positive  electricity  proceeding  from 
the  zinc  through  the  liquid  of  the  pile  to  the  copper,  as 
denoted  by  the  arrow-heads. 

381.  Now  Volta  explained  the  effect  produced  by  the 
voltaic  battery,  by  supposing  that  a  separation  of  the  two 
electricities  is  produced  by  the  contact  of  heterogeneous 
metals.  Thus  in  the  original  pile  when  a  zinc  and  copper 
plate  are  laid  together,  he  imagined  the  zinc  to  become 
positively  and  the  copper  negatively  electrified,  and  a  forcible 
electrical  separation  to  be  thus  kept  up  at  the  points  of  con- 
tact of  the  two  metals  as  long  as  they  remain  together.  He 
further  supposed  the  total  effect  to  depend  on  the  number  of 
elements  in  the  pile,  so  that  the  acciunulated  action  of  the. 
elements  of  a  large  pile  might  become  very  intense. 

It  is  readily  seen  that  this  will  be  the  case  by  referring  to 
Fig.  124.  For  let  us  take  the  middle  copper  and  zinc  plates 
of  this  Figure,  which  are  in  contact  with  each  other,  and 
denote  the  electricity  of  the  copper  plate  by  —  i,  while  that  of 
the  zinc  plate  is  +  i  ;  this  difference  being  forcibly  kept  up 
by  the  contact  of  these  two  heterogeneous  metals.  The  con- 
ducting cloth  conveys  the  state  of  this  zinc  plate  to  the  copper 
inmiediately  above  it,  which  will  therefore  be  -f-  I  ;  and 
since  the  zinc  is  supposed  to  be  two  units  more  positive  than 
the  copper  in  contact  with  it,  the  state  of  the  zinc  plate  in 
contact  with  this  copper  will  be  -f  3.  In  like  manner  the 
state  of  the  highest  zinc  plate  will  be  +  5. 

Going  downwards  now  from  the  middle  copper  plate,  this 
will  communicate  its  charge  ( —  i)  by  means  of  the  cloth  to 
the  zinc  below  it,  of  which  the  charge  will  therefore  be  —  i. 
But  the  copper  in  contact  with  it  will  be  two  units  more 
negative  on  account  of  heterogeneity,  and  will  therefore 
be  —  3  ;  while  in  like  manner  the  lowest  copper  will  be  —  5. 
Thus  for  five  pairs  there  will  be  an  electrical  difference 
between  the  top  and  bottom  of  ten,  or  five  times  as  much  as 
that  given  by  a  single  pair. 

Nevertheless  Volta  appears  to  have  erred,  in  his  ignorance 
of  the  laws  of  energy,  by  supposing  that  the  mere  contact  of 
heterogeneous  metals  could  account  for  the  large  amount  of 
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energy  exhibited  by  a  voltaic  battery  when  its  extremities  are 
connected  together  ;  for  then  it  generates  heat,  and  is  capable 
of  performing  mechanical  work  of  various  kinds. 

It  is,  in  fact,  a  powerful  kind  of  energy,  and  this  elec- 
tricity in  motion  has  been  described  by  us  in  Art.  io8  as  one 
of  the  varieties  of  molecular  energy.  Indeed,  it  is  very 
manifest  that,  since  the  tendency  of  electricity  is  to  equalize 
itself,  in  order  to  procure  a  continuous  stream  of  electricity 
we  must  have  a  reservoir  which  is  always  giving  it  out,  just 
as  much  as  in  order  to  obtain  a  continuous  flow  of  water  we 
must  have  a  reservoir  of  some  kind  containing  water. 

Now  the  mere  contact  of  heterogeneous  metals  cannot 
supply  us  with  a  constant  stream  of  electricity,  for  if  it 
could  we  should  at  once  have  a  kind  of  perpetual  motion, 
which  is  manifestly  impossible.  We  must,  therefore,  look 
somewhere  else  for  the  source  of  the  energy  of  the  voltaic 
circuit. 

It  was  seen  by  those  who  came  after  Volta,  that  in  order 
to  produce  a  continuous  current  of  electricity  a  quantity  of 
the  oxidizable  metal  of  the  circuit  must,  so  to  speak,  be 
burned,  being  converted  into  a  metallic  salt  ;  and  they 
imagined  that  the  electrical  separation  of  the  voltaic  pile  was 
due  to  this  chemical  action,  and  not  to  the  mere  contact  of 
heterogeneous  metals. 

382.  But  Sir  W.  Thomson  has  made  an  experiment, 
which  appears  to  show  that  Volta  was  right  in  supposing  the 
electrical  separation  to  be  caused  by  the  contact  of  two 
heterogeneous  metals,  while  he  was  wrong  in  imagining  that 
work  can  be  done  by  the  voltaic  arrangement  without  the 
consumption  of  some  such  fuel  as  zinc.  Thus  there  is  pro- 
bably a  sort  of  electric  irritation  kept  up  at  the  point  where 
the  two  heterogeneous  metals  come  into  contact  ;  and  when 
the  battery  is  at  work,  this  irritation  proves  a  kind  of  pre- 
disposing cause,  in  virtue  of  which  the  potential  energy  of 
the  fuel  zinc  is  converted  into  an  electric  current  in  the  first 
instance,  and  after  that  most  frequently  into  heat.  Perhaps 
it  is  wrong  to  suppose  that  the  electrical  irritation  is  entirely 
confined  to  the  points  of  contact  of  the  heterogeneous  metals, 
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and  that  nothing  is  due  to  the  nature  of  the  liquid.  The 
points  of  contact  of  the  heterogeneous  metals  must,  however, 
be  regarded  as  the  cAief  sources  of  electrical  separation. 

383.  The  experiment  made  by  Thomson  was  of  the 
following  nature ; — 

Let  m  denote  a  metallic  needle,  movable  round  the  point 
m  in  the  plane  of  the  paper,  and  let  c  and  z  denote  two  semi- 
circular rings— the  one  (c)  of  copper, 
and  the  other  of  zinc,  both  being  sol- 
dered together  ;  then  if  m  be  charged 
with  positive  electricity  it  will  turn  from 
the  zinc  to  the  copper,  and  if  charged 
with  negative  electricity  it  will  turn 
from  the  copper  to  the  zinc.  This 
behaviour  may  be  explained  by  sup-  Fig.  126. 

posing  that  in  consequence  of  the  contact  of  the  two  metals, 
copper  and  zinc,  the  copper  becomes  negatively  and  the  zinc 
positively  electrified.  Therefore  in  a  zinc  and  copper  battery 
this  electrical  irritation,  which  is  kept  up  at  the  junction  of 
the  two  metals,  will  cause  a  current  of  positive  electricity  to 
flow  through  the  liquid  from  the  zinc  to  the  copper. 

Professor  J.  J.  Thomson  has  shown  that  when  a  rod  of  glass 
is  united  to  one  of  sealing-wax  their  surface  of  contact  becomes 
the  seat  of  ia  permanent  electrical  separation  in  virtue  of  which 
the  glass  will  be  foimd  to  be  charged  with  positive  and  the 
wax  with  negative  electricity  months  after  the  two  have  been 
united  together.  The  electrical  separation  caused  by  the 
contact  of  heterogeneous  bodies  is  thus  seen  to  be  associated 
with  non-conductors  like  glass  and  sealing-wax,  as  well  as 
with  conductors  like  copper  and  zinc. 

384.  But  whatever  may  be  the  true  origin  of  the  electrical 
separation  which  takes  place  in  a  voltaic  battery,  it  is  the  ) 
tendency  of  the  separated  electricities  to  unite  that  produces          / 
the  current,  so  that  the  intensity  of  the  electrical  separation     \  / 
becomes  the  measure  of  what  we  may  term  the  electromotive      \ 
force.                                                                                                       /    , 

385.  Sir  C.  Wheatstonehas  devised  a  means  of  measuring 
the  electromotive  force  of  different  combinations.     He  found 
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from  his  experiments  that  if  platinum  and  an  amalgam  of 
potassium  be  used  as  the  two  plates  of  a  battery,  the  electro- 
motive force  or  intensity  ofelectrical  separation  maybe  called 
69.  He  also  found  that  the  electromotive  force  between  a 
platinum  and  a  zinc  plate  is  40 ;  while  that  between  a  zinc 
and  an  amalgamated  potassium  plate  is  29. 

We  derive  from  this  experiment  a  very  interesting  result. 

Thus  if  platinum  be  our  negative  and  zinc  our  positive 
element,  we  get  40  as  the  value  of  our  electromotive  force  ; 
again,  if  zinc  be  our  negative  and  potassium  our  positive 
element,  we  get  29 ;  but  if,  instead  of  going  in  two  steps 
from  platinum  to  potassium,  we  go  in  one  step,  and  make 
a  combination  of  these  two  metals,  we  get  69  at  once. 

In  fine,  the  electromotive  force  between  any  two  metals 
is  equal  to  the  sum  of  the  electromotive  forces  between  all  the 
intervening  metals, 

386.  The  various  metals  in  the  following  table  are  classified 
according  to  their  order  in  the  electromotive  series.  Thus 
we  have — 


Electro-positive, 

Potassium. 

Nickel 

Zinc. 

Bismuth. 

Cadmium. 

Antimony. 

Lead. 

Copper. 

Tin. 

Silver. 

Iron. 

Gold. 

Platinum. 

Electro-  negative. 

That  is  to  say,  if  potassium  be  brought  into  contact  with 
zinc,  it  will  be  charged  with  positive  electricity ;  and, 
generally,  any  metal  brought  into  contact  with  one  under 
it  in  the  series  will  be  positively  charged  ;  while  if  brought 
into  contact  with  one  above  it  in  the  series,  it  will  be 
negatively  charged. 

387.  Study  of  a  Simple   CeU.  —  When  impure  zinc  is 
placed  in  dilute  sulphuric  acid  it  dissolves  with  evolution  of 
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hydrogen  gas  and  the  formation  of  zmc  sulphate.  The  re- 
action, represented  after  the  manner  used  by  chemists,  being 

Z«+  H2SO4    =  Z«S04  +H8 
7;«/._i_Sulphuric        Zinc      1  tt„j^v,^^^ 
.  ^'''^+     Acid     ^Sulphate+^y^'^^^^^ 

But  if  the  zinc  be  perfectly  pure,  or  if  the  surface  of  the 
impure  zinc  be  amalgamated  with  mercury,  the  acid  will  be 
found  not  capable  of  dissolving  zinc  of  this  kind.  Let  such  a 
piece  of  zinc  be  immersed  in  dilute  acid  and  be  connected 
with  a  piece  of  copper  also  immersed  in  the  acid.  Bubbles  of 
hydrogen  will  now  be  seen  to  be  evolved  from  the  copper^ 
whilst  the  zinc  is  dissolved  to  form  zinc  sulphate  solution. 
An  electric  current  will  meanwhile  flow  from  the  electro- 
positive metal  zinc  through  the  liquid  to  the  electro-negative 
metal  copper,  and  from  the  latter  back  to  the  zinc  by  the  con- 
necting wire.  The  end  of  the  copper  outside  of  the  liquid  is 
called  the  positive  pole,  and  the  corresponding  end  of  the 
zinc  is  called  the  nesative  pole. 

When  a  battery  consisting  of  zinc  and  copper  plates  im- 
mersed in  dilute  sulphuric  acid  (Fig.  124) has  been  sometime 
in  action,  it  is  found  to  be  greatly  enfeebled.  This  arises 
from  two  causes  ;  for,  in  the  first  place,  the  sulphuric  acid  is 
gradually  used  and  converted  into  sulphate  of  zinc.  In  the 
next  place,  it  is  found  that  the  electro-positive  hydrogen, 
which  is  set  free  by  the  action  of  the  battery,  adheres  to  the 
electro-negative  copper  plate,  and  that  in  consequence  of  this 
adhesion  there  is  a  tendency  to  send  a  current  in  the  opposite 
direction  due  to  the  opposing  electromotive  force  set  up 
between  the  hydrogen  and  the  zinc.  This  effect  is  called 
Electrolytic  Polarisation. 

388.  Constant  Batteries,  Daniell's.— Both  of  these  objec- 
tions are  removed  by  using  a  constant  battery.  This  form  of 
battery  was  first  invented  by  Daniell,  and  its  mode  of  action 
will  be  understood  by  reference  to  Fig.  127,  which  represents 
a  single  cell  of  a  Daniell's  battery. 

We  have,  in  the  first  place,  an  outer  vessel,  made  let  us 
say  of  copper,  containing  a  saturated  solution  of  sulphate  of 
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copper,  and  in  this  there  is  a  small  shelf  containing  some  spare 
crystals  of  sulphate  of  copper  to  replace  those  that  are 
decomposed  as  the  action  proceeds.  There  is  also  an  inner 
cylindrical  vessel,  consisting  of  porous  earthenware,  through 
which  the  particles  of  a  fluid  may  easily  pass.  This  inner 
vessel  contains  dilute  sulphuric  acid,  and  in  it  is  placed  the 
electro-positive  element,  consisting  of  a  cylinder  of  amalga- 
mated zinc. 

The  electro-negative  element,  on  the  other  hand,  consists 
in  this  case  of  the  copper  of  the  outer  vessel.  When  this 
battery  is  in  action  the  amalgamated  zinc  of  the  inner  vessel 
is  gradually  dissolved  by  the  dilute  sulphuric  acid,  and  the 
liberated  hydrogen  finds  its  way  through  the  pores  of  the 
inner  vessel  towards  the  copper  plate.  It  is  acted  upon  by 
the  sulphate  of  copper,  which  it  de- 
composes, forming  sulphuric  acid, 
^^  JL  "^  copper,  and  water.  The  copper  is 
y^-  n  llT  r  r  ^^P^^^ited  on  the  copper  plate  and 
fefel"  !  jI  4^  ^Yie  acid  finds  its  way  into  the  interior 
porous  vessel,  where  it  replaces  that 
which  has  been  consumed.  Also  the 
sulphate  of  copper,  which  has  been 
used  in  this  process,  is  replaced  by 
the  spare  sulphate  from  the  shelf. 
Thus  both  the  sulphuric  acid  of  the 
inner  vessel,  and  the  sulphate  of 
copper  of  the  outer,  are  kept  of  constant  strength,  while  the 
surface  of  the  copper  itself  is  kept  bright  through  the  de- 
position of  new  particles  produced  from  the  decomposition  of 
the  sulphate.  It  is  found  that  a  battery  of  this  kind  will 
remain  constant  for  a  very  long  time. 

Amalgamation  of  the  zinc  was  first  practised  by  Kemp, 
who  found  that  zinc  so  amalgamated  is  not  attacked  by  acid 
while  the  battery  is  not  in  action.  He  also  found  that  with 
amalgamated  zinc  the  current  is  both  more  regular  and  more 
intense  than  it  is  with  ordinary  zinc. 
389.  Grove's  Battery. — There  are  other  kinds  of  constant 
^tteries,  and  one  of  the  best  and  most  powerful  is  that  of 
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Grove.  In  it  the  amalgamated  zinc  is  placed  in  an  outer 
glass  vessel  along  with  some  dilute  sulphuric  acid,  and  the 
hydrogen  which  is  liberated  during  action  finds  its  way  into 
an  inner  porous  vessel,  which  contains  the  electro-negative 
element,  consisting  of  a  thin  slip  of  platinum  immersed  in 
strong  nitric  acid.  The  hydrogen,  when  it  comes  in  contact 
with  the  nitric  acid,  is  converted  into  water,  and  does  not 
therefore  attach  itself  to  the  surface  of  the  platinum. 

390.  Bimsen's  Battery* — This  is  in  all  respects  similar 
to  Grove's,  excepting  that  instead  of  the  expensive  metal 
platinum  a  coherent  kind  of  carbon,  known  as  gas-carbon,  is 
substituted. 

391.  The  Bichromate  Battery.— The  use  of  nitric  acid 
in  the  batteries  of  Grove  and  Bunsen  is  open  to  the  objection 
that  disagreeable  fumes  are  produced.  Various  attempts 
have  been  therefore  made  to  substitute  an  oxidizing  agent 
that  is  free  from  this  objection.  Chromic  acid  is  now  very 
largely  used  for  this  purpose,  either  directly  or  in  the  state 
of  bichromate  of  potash  or  of  soda.  A  solution  of  one  of 
these  substances  is  usually  mixed  with  sulphuric  acid  to  form 
the  battery  solution.  When  used  without  a  porous  pot,  and 
with  plates  of  carbon  and  zinc,  a  strong  electric  current  can 
be  obtained,  which  however  is  wanting  in  constancy. 

392.  The  laeclanch^  Battery. — As  in  the  three  last 
mentioned  batteries  zinc  and  gas  carbon  form  the  positive 
and  negative  plates.  The  exciting  liquid  is  a  solution  of 
ammonium  chloride  (commonly  called  sal-ammoniac).  This 
attacks  the  zinc  forming  zinc  chloride  with  the  evolution  of 
anMnonia  and  hydrogen.  To  oxidize  the  latter,  blocks  of  a 
composition  containing  manganese  dioxide  are  fastened  to 
the  carbon.  This  battery  is  very  largely  used  for  the  purpose 
of  ringing  electric  bells. 

393.  Thermo-electric  Currents. — We  have  already  al- 
luded (Art.  290)  to  the  current  which  takes  place  when  we 
heat  a  junction  of  copper  and  bismuth.  The  existence  of 
this  current  was  first  discovered  by  Seebeck,  and  it  may  be 
easily  demonstrated  by  means  of  the  arrangement  of  Fig. 
94.    Thus,  if  ns  be  a  needle,  of  which  n  is  the  marked  pol^, 
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and  if  the  junction  at  the  right  be  heated  by  a  spirit-lamp^  as 
in  the  figure,  we  shall  have  a  current  of  electricity  passing  at 
the  heated  junction  from  the  bismuth  to  the  copper,  its 
direction  being  denoted  by  the  arrow-head.  Hence  (Art.  395) 
the  marked  pole  of  the  needle  will  be  deflected  as  in  the 
figure. 

Such  a  couple  is  called  a  thermo-electrie  couple,  to  dis- 
tinguish it  from  an  ordinary  couple,  which  may  be  termed 
hydro-electric.  The  strength  or  intensity  of  the  current  will 
of  course  depend  upon  the  electromotive  force  of  the  two 
metals  which  form  the  pile,  and  we  may  thus  draw  up  a  list 
of  metals  such  that  the  positive  current  shall  go  across  the 
heated  junction  from  the  metal  nearest  the  top  to  that  nearest 
the  bottom  of  the  list.     The  following  is  such  a  list : — 


Bismuth. 

Silver. 

Nickel. 

Zinc. 

Lead. 

Iron. 

Tin. 

Antimony. 

Copper. 

Tellurium. 

Platinum. 

We  see  that  the  metals  bismuth  and  antimony  are  near  the 
opposite  extremities  of  the  list,  and  as  they  can  be  easily  pro- 
cured, they  are  often  used  in  thermo-electric^  combinations. 


Fig.  128. 

A  law  holds  with  respect  to  this  series  similar  to  that  which 
held  for  the  series  of  Art.  385. 

Thus  in  the  circuit  of  Fig.  127,  if  the  wires  at  the  two 
extremities  be  copper  wires  leading  to  the  galvanometer,  or 
instrument  for  measuring  the  intensity  of  the  current  (see 
Art.  291),  and  if  we  have  at  A  a  copper  and  tin  junction. 
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while  at  B  we  have  a  tin  and  antimony  junction,  and  at  C  an 
antimony  and  copper  junction,  and  if  we  heat  through  1°  C. 
the  copper  and  tin,  and  also,  at  the  same  time,  the  tin  and 
antimony  junction,  we  shall  get  a  current  of  the  same  intensity 
as  if  we  heat  at  once  the  copper  and  antimony  junction 
through  the  same  temperature  range.  Only  we  see  from  the 
figure  that  the  latter  current  will  pass  along  the  circuit  in  an 
opposite  direction  to  the  former,  so  that  the  practical  effect 
of  heating  all  the  three  junctions  together  to  the  same  extent 
will  be  to  generate  currents  which  cancel  one  another. 

394.  Within  certain  limits  the  strength  of  the  current  pro- 
duced by  a  thermo-electric  arrangement  is  nearly  proportional 
to  the  difference  of  temperature  between  the  two  junctions, 
but  when  the  heat  applied  is  very  intense,  the  current  some- 
times changes  its  direction. 

This  is  the  case  more  particularly  with  a  circuit  of  copper 
and  iron ;  and  Gumming  has  shown  that  while  at  an  ordinary 
temperature  the  current  goes  across  the  heated  junction  from 
the  copper  to  the  iron,  at  a  red  heat  it  becomes  reversed, 
and  passes  from  the  iron  to  the  copper. 

Lesson  XLVL— Effect  of  the  Electric  Current 
UPON  A  Magnet. 

395.  Oersted,  Professor  of  Physics  in  Copenhagen,  dis- 
covered in  1 819  the  connection  between  an  electric  current 
and  a  magnet,  a  discovery  that  has  since 
led  to  the  construction  of  electric  tele- 
graphs between  distant  places. 

In  order  to  represent  Oersted's  experi- 
ment, let  us  take  a  horizontally  suspended 
magnetic  needle  ab  (Fig.  125&,  which  will 
of  course  place  itself  in  the  magnetic 
meridian.  Parallel  to  the  length  of  the 
needle,  and  immediately  above  it,  let 
there  be  a  copper  wire  through  which  a  *  "^' 

current  may  be  made  to  pass.  As  long  as  there  is  no  current 
passing  through  the  wire,  the  needle  will  remain  in  its 
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ordinary  position,  but  if  a  current  be  made  to  traverse  the 
wire,  the  needle  will  take  a  position  nearly  at  right  angles  to 
the  current.  The  behaviour  of  the  needles  will  vary  with  the 
direction  and  position  of  the  current,  and  the  relation  between 
the  two  will  be  best  remembered  by  help  of  the  following  aid 
to  memory : — 

Imagine  the  observer  to  lie  down  in  the  current,  so  that 
the  positive  current  enters  in  at  his  head  and  goes  out  at  his 
feet.  If  now  his  face  be  always  turned  towards  the  needle  he 
will  find  that  the  action  of  the  current  will  be  to  deflect  the 
marked  pole  of  the  needle  to  his  right  hand. 

Let  us  apply  the  rule  in  the  following  cases  : — 

Case  I. — Let  the  current  be  above  the  needle,  and  go  from 
magnetic  north  to  south. 
In  this  case  the  marked  pole  of  the  needle  will  be  deflected 
towards  the  east. 

Case  2. — Let  the  current  be  above  the  needle,  and  go  from 
magnetic  south  to  north. 
In  this  case  the  marked  pole  of  the  magnet  will  be  deflected 
towards  the  west. 

Case  3. — Let  the  current  be  below  the  needle,  and  go  from 
north  to  south. 
In  this  case  the  marked  pole  of  the  needle  will  be  deflected 
towards  the  west. 

Case  4. — Let  the  current  be  below,  and  go  from  south  to 
north. 
In  this  case  the  marked  pole  of  the  needle  will  be  deflected 
towards  the  east. 

396.  Galvanometer. — Taking  advantage  of  this  action  of 
electric  currents  upon  magnets,  we  are  enabled  to  construct 
a  very  delicate  instrument  for  indicating  the  existence  of  such 
currents,  and  for  measuring  their  intensity.  It  is  called  a 
galvanometer. 

Let  us  begin  by  supposing  that  a  current  passes  in  the 
plane  of  the  magnetic  meridian,  vertically  above  and  below  a 
delicately  suspended  needle,  as  in  Fig.  12^,  the  direction  of 
the  current  being  denoted  by  the  arrow-heads.  The  current 
^bove  the  needle  will,  by  Case  2,  cause  the  needle  to  turn  so 
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as  to  place  its  marked  pole  a  above  the  plane  of  the  paper, 
and  by  Case  3  the  current  below  the  needle  will  have  a 
similar  action.  Thus  the  action  of  the  two  currents  will 
supplement  each  other.  Now  if  the  current  be  coiled  many 
times  round  about  the  needle  in  the  same  direction,  as  in  the 
figure,  before  it  is  brought  back  to  the  battery,  and  if  each 
of  these  turns  be  insulated  by  inclosing  the  wire  in  a  non- 
conductor, then  will  the  various  turns  of  the  coil  supplement 
each  other,  and  their  united  action  upon  the  needle  will 
become  very  powerful. 

397.  In  this  arrangement  the  struggle  is  between  the 
directive  force  of  the  earth  tending  to  keep  the  needle 
parallel  to  the  wires,  and  the  influence  of  the  current  tending 
to  bring  it  into  a  position  at  right. angles  to  the  wires,  and 
the  apparatus  will  be  rendered  much  more  sensitive  if  we  can 
overcome  the  directive  force  of  the  earth. 

This  is  done  by  having  two  magnetic  needles  of  the  same 
strength,  suspended  as  in  Tig.  J^  the  one  needle  being 
wholly  above  the  current,  and  having  its  poles  opposed  to 
the  other ;  such  an  arrangement  will  have 
no  directive  force,  and  it  is  therefore 
called  an  astatic  system  of  needles. 

Again,  it  will  be  seen  that  the  action 
of  the  upper  current  on  the  upper  needle 
will  tend  to  twist  b'  above  the  paper, 
while  that  of  the  lower  current  will  be  in 
the  opposite  direction ;  the  lower  current 

is,  however,  further  removed  from  the  

needle  than  the  upper  current,  and  the  FioTiao. 

latter  will  therefore    predominate,  arid 
hence  the  needle  will  be  twisted  round  so  as  to  place  b'  above 
the  plane  of  the  paper. 

Now  the  lower  needle  will,  as  we  have  shown,  bie  twisted 
round  so  as  to  place  «  above  the  plane  of  the  paper,  and 
hence  the  two  will  be  twisted  by  the  current  in  the  same 
direction  ;  while  the  directive  force  of  the  earth,  which 
opposes  this  motion,  is  either  altogether  cancelled  or  rendered 
very  small,  since  the  two  needles  are  of  the  same  strength 
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and  oppositely  placed.  Another  method  of  rendering  a 
needle  astatic  is  that  exhibited  in  Fig.  97,  and  described  in 
Art.  291. 

If  the  needles  be  not  only  astatic,  but  if  they  be   also 
delicately  suspended,  and  furnished  with  a  mirror  so  as  to 
reflect  a  slight  light  upon  a  scale,  then,  as  in  Art.  291,  the 
arrangement  will  be  one  of  extreme  sensibility. 
The  sensibility  of  a  galvanometer  depends  upon : — 
(i)  The  strength  of  the  current  circulating  in  its  coils. 

(2)  The  number  of  coils. 

(3)  The  distance  of  the  coils  from  the  suspended  magnetic 
system. 

(4)  The  intensity  of  the  magnetic  field  in  which  the  sus- 
pended system  is  placed. 

Thus  if  we  double  the  nimiber  of  coils  round  the  needle  of 
a  galvanometer,  without  altering  their  distance  from  the 
needle,  we  double  the  action  of  the  current  upon  the  needle. 
In  like  manner,  if  without  altering  the  coils  or  the  distance 
we  double  the  strength  of  the  current  which  passes,  we  also 
double  the  action. 

398.  The  mirror  galvanometer  possesses  the  great  ad- 
vantage that  the  deflections  of  the  mirror  a&  measured  by  the 
movement  of  the  spot  of  light  on  the  scale,  are  simply 
proportional  to  the  current  strength.  Thus  the  relation  be- 
tween any  observed  scale  reading  </and  the  strength  of  the 
current  c  may  be  expressed  as  follows :— c=K  </ where  K  is  a 
constant  that  depends  on  the  number  of  coils,  their  distance 
from  the  magnet  and  the  intensity  from  the  magnetic  field. 

399.  The  tanirent  salvanometer  is  another  very  useful 
instrument.  It  consists  of  a  vertical  circle  about  a  foot  in 
diameter,  which  is  placed  in  the  magnetic  meridian  (Fig. 
1302).  Wire  is  wound  round  the  circumference  of  the  hoop 
A  (that  IS  fixed  to  the  base  c),  through  which  we  have  the 
means  of  passing  the  current  whose  strength  we  wish  to 
measure.  At  the  centre  of  the  circle  we  have  a  small  mag- 
netic needle  within  a  compass  box  b,  which  will,  when  there 
is  no  current,  lie  in  the  plane  of  the  hoop  A,  when  this  has 
been  placed  m  the  magnetic  meridian. 


LESS.  XLVII.        ELECTRICITY  IN  MOTION. 


375 


But  when  there  is  a  current  the  magnet  will  be  deflected, 
and  it  may  be  shown  that  the  strength  of  the  current  wilt 
be  proportional  to  the  tangent  of  the  angle  of  deflection^  pro- 
vided the  needle  be  small  compared 
to  the  size  of  the  circle. 

Expressing  this  last  statement  in 
a  formula,  we  have  c=K  tan  a, 
where  c  is  the  strength  of  the  cur- 
rent, a  the  angle  of  deflection,  and 
K  a  constant,  which  may  be  varied 
by  altering  the  position^  of  the 
directing  magnet  D  (Fig.  130a). 

Example, — Compare  the  strength 
of  the  currents  which  on  the  same 
tzmgent  galvanometer  give  deflec- 
tions of  30°  and  60°. 

Answer, — The  currents  will  be  in 
the  ratio  of  tan  30°  to  tan  60°.    Now 


tan  30° 
Hence 


-4-  and  tan  60°  =  ^3- 
V3 


tan  30° 


■k 


'k 


Fig.  isodf. 


tan  60° 

Example, — ^What  is  the  strength  of  the  current  which  gives 
a  deflection  of  45°  on  a  tangent  galvanometer  whose  constant 
is  5? 

Answer,^S\Tic^  tan  45°  =  i,  and  K  =  5,  then  C  =  5. 


Lesson  XLVIL— Action  of  Currents  on  one  another 
AND  Action  of  Magnets  on  Currents. 


400.  The  mutual  action  of  electrical  currents  was  first 
discovered  by  Ampere.  It  is  subject  to  the  following 
laws  : — 

I.  Two  currents  which  are  parallel  and  in  the  same  direc- 
tion attract  each  other. 
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II.  Two  parallel  currents^  but  in  the  opposite  direction 
repel  one  another, 

III.  When  two  currents  cross  at  a  point  they  attract 
each  other ^  if  they  both  tend  either  towards  the  point  or 

>  c  fftrm  it,  but  they    repel  one  another  when    they  tend  in 
contrary  directions. 

In  order  to  understand  the  bearings  of  these  laws  it  is  not 
necessary  that  the  reader  should  trouble  himself  about  the 
experimental    appliances   for   bringing    together    currents 


Fig.  131^ 

moving  in  various  directions  ;  suffice  it  to  say,  this  can 
be  accomplished  by  means  of  suitable  apparatus. 

In  Fig.  131  we  have  the  various  cases  of  Law  III. 

In  the  two  left-hand  figures  we  see  that  the  currents  are 
moving  in  the  same  direction,  either  to  or  from  the  angle, 
and  hence  they  attract  each  other  ;  while  in  the  two  right- 
hand  figures  the  currents  are  nioving  in  opposite  directions 


Fig.  132. 

with  respect  to  the  angle,  and  therefore  they  repel  one 
another. 

401.  Next  let  us  have  two  currents,  ab^^n^cd  (Fig.  1 32), 
both  movable  round  O  as  a  centre  in  the  plane  of  the 
paper. 

There  will  be  an  attraction  between  a  and  c,  and  between 
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b  and  d,  as  in  the  figure  ;  while,  on  the  other  hand,  there 
will  be  a  repulsion  between  a  and  d  and  between  b  and  c  ; 
the  tendency  will  therefore  be  to  bring  the  two  currents  into 
the  same  direction. 

4.0a.  These  laws  will  in  certain  cases  produce  a  con- 
tinuous rotation  of  currents. 

Thus  let  us  take  a  copper  vessel  (Fig.  133)  and  coil  round 
it  several  layers  of  insulated  wire,  through  which  a  current  is 
made  to  pass ;  let  the  direction  of  this  current  be  denoted  by 


Fig.  X33, 


the  arrow-heads  in  the  figure.  Now  let  the  apparatus  be  so 
arranged  that  while  a  current  is  circulating  round  A,  there 
are  also  currents  passing  through  the  wires  a  b  and  a  b',  as 
in  the  figure ;  we  have  thus  two  vertical  descending  currents, 
b  and  b',  near  the  circular  horizontal  current  which  goes 
round  the  copper  vessel.  The  wire  b  ab^  \s  pivoted  at  a 
so  that  it  can  move  quite  freely,  the  ends  of  b  and  b'  being 
connected  to  the  battery  by  means  of  an  annular  trough 
containing  mercury.  Now  when  one  of  the  vertical  currents 
^  is  at  A  it  will  be  attracted  by  that  part  of  the  circular 
horizontal  current  to  the  left  of  A,  since  both  tend  towards 
the  point  A  ;  but  the  vertical  current  will  be  repelled  by  the 
portion  of  the  horizontal  current  to  the  right  of  A,  since  the 
one  current  tends  towards  A,  while  the  other  tends  from  it  ; 
the  vertical  wire  b  will  therefore  pass  in  a  direction  the 
opposite  of  that  denoted  by  the  arrow-heads. 
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The  current  V  will  pass  in  the  same  direction,  aud  thus 
there  will  be  a  continuous  rotation  of  the  vertical  currents 
round  their  axis  in  a  direction  the  same  as  that  of  the  hands 
of  a  watch. 

4>03.  Action  of  Magnets  on  Currents. — Since  currents  act 
on  magnets  (Art.  395),  there  ought  to  be  a  reaction  of  magnets 
upon  currents ;  and  to  study  this  we  must  leave  the  currents 
at  perfect  liberty  to  move. 

In  Fig.  134  we  have  an  arrangement  of  this  kind,  consist- 
ing of  a  circular  vertical  current,  which  is  free  to  place  itself 
in  any  position. 


Fig.  134. 

Now  such  a  current  will  place  itself  so  that  the  plane  of 
the  circle  shall  be  perpendicular  to  the  magnetic  meridian 
Also  the  descending  current  wiU  be  to  the  east,   and   the 
ascending  current  to  the  west. 

AOA,  Solenoids.— Suppose  now  that  we  construct  a  system 
of  circular  currents  in  coils,  as  in  Fig.  135,  and  suspend  it  so 
that  it  is  free  to  place  itself  in  any  direction  ;  such  a  current 
is  called  a  solenoid,  and  when  in  action  it  will  place  itself  so 
that  the  axis  a  b  shall  be  in  the  magnetic  meridian  The 
Glenoid  will  in  fact  behave  as  if  it  were  a  magnet,  aAd  will 
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therefore  point  to  the  magnetic  north.  It  will  also  be  found 
that  the  currents  descend  on  the  east  side,  and  ascend  on  the 
west  side  ;  in  fact,  the  action  of  the  solenoid  is  similar  to  that 
of  a  vertical  circular  current.  Fig.  134,  and  a  number  of  such 
currents  placed  in  a  line  constitute  a  solenoid. 

4>05.  Electro  -  magnets. —  Let  us  coil  in  one  direction 
round  a  thick  cylinder  of  soft  iron  a  stout  insulated  copper 
wire,  and  when  we  have  completed  the  operation  of  sur- 
rounding the  iron  cylinder  with  a  covering  of  this  kind,  let 
us  connect  the  ends  of  the  copper  wire  with  the  poles  of  a 
voltaic  battery. 

An  electric  current  will  thus  circulate  round  the  soft  iron 
cylinder,  and  the  cylinder  will  become  a  powerful  magnet. 

Magnets  produced  in  this  way  are  much  more  powerful 


mmrnrnm 


Fig 


X35. 


than  natural  magnets ;  and  a  horse-shoe  magnet  of  this 
kind,  furnished  with  a  keeper  or  cross-piece  of  iron  connect- 
ing the  poles,  might  be  made  so  strong  as  to  support  a  ton  or 
more. 

It  has  been  found  by  Joule  that  a  bar  of  soft  iron  is 
lengthened  when  made  into  a  powerful  magnet,  and  it  has 
also  been  observed  that  at  the  moment  of  magnetization  it 
gives  out  a  peculiar  sound. 

406.  Amp^e's  Hypothesis. — It  was  suggested  by 
Ampere  that  we  may  regard  a  magnet  as  a  solenoid,  each 
particle  of  which  is  traversed  by  a  continuous  electric 
current. 

This  suggestion  explains  well  all  the  known    relations 
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between  magrnets  and  currents,  and  we  may  at  least  receive 
it  as  a  good  working  hypothesis. 

In  this  case,  if  we  suppose  a  cylindrical  magnet  to  be  sus- 
pended with  its  marked  pole  pointing  to  the  north,  then  the 
molecular  currents  will  descend  on  the  east  side  of  the 
cylindrical  magnet,  flow  from  east  to  west  on  the  under  side, 
ascend  on  the  west  side,  and  flow  back  from  west  to  east  at 
the  upper  side  ;  in  fact,  the  direction  of  the  molecular 
currents  will  be  the  same  in  such  a  magnet  as  in  the 
solenoid, 

4.07.  It  is  easily  seen  by  this  hypothesis  why  the  marked 
pole  of  one  magnet  attracts  the  unmarked  pole  of  another. 
For  we  have  here  two  sets  of  vertical  circular  currents  all 
moving  in  the  same  direction,  so  that  the  various  elements 
of  the  first  set  of  currents  are  parallel  to  those  of  the  second 
set ;  the  currents  will  therefore  attract  each  other  by  the 
law  of  Art.  400,  that  is  to  say,  the  two  magnets  will  rush 
together. 

But  if  the  marked  pole  of  one  magnet  be  placed  near  the 
marked  pole  of  another  magnet,  we  are  presenting  to  each 
other  two  sets  of  circular  vertical  currents,  one  set  of  which 
we  have  twisted  round,  so  that  it  is  opposite  in  direction  to 
the  other  set ;  the  two  sets  of  currents  will  therefore  repel 
one  another  by  the  same  law. 

4>08.  We  have  alluded  in  Art.  401  to  one  way  by  which  a 
current  may  be  made  to  produce  continuous  rotation. 

Now  a  body  in  rotation  is  one  form  of  visible  energy,  and 
if  we  set  a  current  to  produce  this  rotation  we  give  it  some 
work  to  do ;  it  must  therefore  employ  part  of  its  energy  in 
order  to  do  this  work,  and  must  in  consequence  be  enfeebled. 
Therefore  if  we  have  two  similar  voltaic  batteries,  each 
charged  with  the  same  amount  of  zinc  and  possessing  the 
same  amount  of  energy,  and  if  the  one  is  allowed  to  convert 
all  its  energy  into  heat,  while  the  other,  by  some  arrange- 
ment similar  to  that  we  have  described,  performs  external 
work  as  well,  this  second  battery,  in  virtue  of  the  external 
work  it  has  got  to  do,  will  generate  less  heat  than  the  other 
from  the  consumption  of  the  zinc  ;  in  fact,  what  is  gained  in 
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external  work  done  by  the  battery,  is  lost  in  heat  generated 
in  the  battery. 


Lesson  XLVIII.— Induction  of  Currents. 

4.09.  We  come  now  to  the  induction  of  electric  currents 
upon  each  other.  If  a  conductor  be  in  the  neighbourhood  of 
a  current  which  remains  constant  in  intensity  and  does  not 
change  its  place,  it  is  found  that  no  current  is  induced  in 
such  a  conductor.  But  Faraday  discovered  that  at  the 
moment  when  a  current  is  formed^  it  produces  in  a  conductor 
near  it  a  momentary  current  in  an  inverse  direction  to  itself. 
Also,  at  the  moment  when  such  a  current  is  broken,  it  produces 
in  a  neighbouring  conductor  a  momentary  current  in  the 
same  direction  as  itself. 

In  these  two  cases  we  suppose  the  conducting  wire  to 
remain  stationary  and  the  current  to  vary,  so  as  to  be  suddenly 
generated  and  suddenly  broken ;  but  we  may  produce  similar 
phenomena  by  keeping  the  current  constant,  and  by  moving 
the  conducting  wire  so  as  rapidly  to  approach  or  recede  from 
the  current. 

If  the  conducting  wire  rapidly  approach  a  constant 
current  we  have  the  same  effect  produced  as  when  the 
current  is  rapidly  formed;  that  is  to  say,  an  inverse 
current  is  generated  in  the  conductor.  Again,  if  the  con- 
ductor recede  rapidly  from  a  current  we  have  the  same 
effect  as  if  the  current  be  suddenly  stopped  or  broken  j  that 
is  to  say,  a  direct  current  will  be  produced  in  the  conductor. 

In  fine,  a  current  which  is  made,  or  whose  intensity  in- 
creases from  any  cause,  produces  an  inverse  current  in  a 
conductor  ;  while  a  current  which  is  broken,  or  whose  in- 
tensity diminishes  from  any  cause,  produces  a  direct  current 
in  a  conductor. 

4.10.  Magnets  may  be  made  to  play  the  part  of  currents 
in  these  phenomena. 

Thus,  if  we  have  a  coil  of  insulated  wire  connected  with 
a  galvanometer,  and    if  we  quickly  introduce  within  this 
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coil  a  powerful  magnet,  we  shall  have  a  secondary  ^^"7^"^^ 
produced  in  the  coil  in  a  direction  opposite  to  that  wmcU 
is  presumed  to  circulate  round  the  magnet  (Art.  39i)>  ^^^ 
this  current  will  affect  the  needle  of  the  galvanometer. 
Again,  as  long  as  the  magnet  thus  introduced  remains 
stationary  in  the  coil  we  shall  have  no  action  in  the  galvano- 
meter, but  when  we  withdraw  it  we  shaU  have  an  action  the 
reverse  of  the  previous  one  ;  that  is  to  say,  in  the  same 
direction  as  the  currents  of  the  magnet. 

We  thus  perceive  that  currents  are  produced  in  a  coil 
which  approaches  or  recedes  from  a  magnet.  Now  currents 
imply  energy,  and  if  left  to  themselves  these  currents  will 
heat  the  coil,  or  by  suitable  contrivances  they  may  be  made 
to  do  useful  work.  From  what  source,  therefore,  do  we 
derive  the  energy  of  these  currents  ? 

4.11.  Let  us  see  what  really  takes  place.  As  we  approach 
the  coil  to  the  magnet  a  current  is  generated  in  it  contrary 
to  that  of  the  magnet.  There  will  thus  be  a  repulsion 
between  the  coil  and  the  magnet  (Art.  400),  and  we  shall  be 
spending  energy  in  bringing  them  together  against  this 
repulsive  force. 

Again,  when  the  coil  is  withdrawn  from  the  magnet  the 
currents  produced  in  it  are  in  the  same  direction  as  those 
of  the  magnet,  and  hence  (Art.  400)  the  two  will  attract  each 
other,  so  that  we  shall  separate  the  two  bodies  against  an 
attractive  force,  and  thus  energy  is  spent  in  the  separation. 

Thus  both  in  the  approach  and  in  the  withdraw^al  of  the 
coil  from  the  magnet  energy  is  spent,  and  it  is  this  energy 
which  produces  the  currents  in  the  coil. 

If  the  coil  itself  were  in  oscillatory  motion  in  the  neigh- 
bourhood of  the  magnet,  the  energy  of  this  motion  would  be 
soon  stopped  by  the  influence  of  the  magnet,  for  as  the  coil 
approached  or  receded  from  the  magnet  it  would  experience 
a  resistance  to  its  motion.  Its  visible  energy  of  motion 
would  thus  be  lost,  being  converted,  in  the  first  place,  into 
electric  currents,  but  ultimately  into  heat. 

By  means  of  a  suitable  apparatus  this  conversion  of 
mechanical  energy  into  temporary  currents,  and  from  that 
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into  heat,  may  be  very  clearly  shown.  Thus,  if  we  have  a 
very  powerful  electro-magnet,  and  arrange  a  thick  copper 
disc  so  as  to  rotate  between  its  poles,  we  shall  experience 
intense  difficulty  in  producing  this  rotation  of  the  disc,  and 
after  an  enormous  expenditure  of  energy  we  shall  only  be 
able  to  produce  a  very  slow  rotation,  just  as  if  the  disc  were 
moving  in  thick  honey  or  treacle.  Meanwhile  the  disc  will 
have  become  heated,  because  the  energy  we  have  spent  upon 
it  ultimately  takes  the  form  of  heat.  This  fact  was  dis- 
covered by  Joule,  who  made  use  of  this  experiment,  among 
others,  to  obtain  the  mechanical  equivalent  of  heat. 

4>12.  Induction  Macliines. — There  are  two  kinds  of 
electrical  machines  which  depend  for  their  action  on  the 
laws  of  induction. 

The  object  of  the  one  set  of  machines  is  to  transform  the 
energy  of  work  into  the  energy  of  electricity  in  motion,  and 
to  get  powerful  currents  without  the  necessity  of  a  voltaic 
battery. 

The  object  of  the  other  is  to  transform  the  ordinary  battery 
current,  which  is  deficient  in  electro-motive  force,  into  a  spark 
possessing  great  electro-motive  force,  and  resembling  in  this 
respect  the  spark  of  the  electric  machine. 

4>13.  Magneto-electrical  Machines. — The  machines  for 
transforming  work  into  electricity  in  motion  go  by  this  name. 
They  consist  of  a  stationary  permanent  magnet,  and  of  a  coil 
which  is  made  to  revolve  backwards  and  forwards  in 
presence  of  this  magnet.  Under  these  circumstances  an 
electric  current  will,  as  we  have  seen,  be  produced  in  the 
coiL 

In  Clarke's  machine  two  coils  connected  with  one  another, 
and  having  a  core  of  soft  iron  iri  their  centres,  are  made  to 
rotate  before  the  poles  of  a  powerful  horse-shoe  magnet. 
As  this  coil  with  its  soft  iron  core  approaches  one  of  the 
poles,  an  electric  current  is  induced  in  the  coil,  the  intensity 
of  which  is  heightened  by  the  soft  iron  core,  which  becomes 
a  magnet  by  induction,  and  which  on  this  account  heightens 
the  current  induced  by  the  permanent  magnet  in  the  coil. 

Now  this  secondary  current  will  be  in  one  direction  when 
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it  passes  the  one  pole,  and  in  the  opposite  direction  when  it 
passes  the  other  pole. 

There  is,  however,  a  commutator,  the  object  of  which  is 
to  make  the  alternate  currents  of  the  coils  pass  from  these 
coils  through  a  set  of  wires  always  in  the  same  direction,  and 
not  having  their  direction  reversed  as  in  the  coils.  The 
arrangement  of  the  commutator  is  such  that  when  the  current 
is  reversed  in  one  of  the  coils  it  is  passed  in  the  opposite 
direction  through  the  wires  intended  to  convey  it,  and 
thus  the  current  traverses  the  wire  always  in  the  same 
direction. 

4.14.  Powerful  machines  on  this  principle,  if  not  of 
this  very  kind,  form  a  very  convenient  arrangement  for 
obtaining  current  electricity,  and  the  electric  light  can  be 
produced  by  them  in  very  great  perfection.  Of  late  years 
very  powerful  machines  have  been  constructed  and  applied 
to  a  variety  of  useful  purposes.  In  the  modem  machines 
known  as  dynamos  electro-magnets  are  used.  These  machines 
are  of  two  chief  types  :  (i).  Direct  current  machines  which 
are  provided  with  a  commutator.  (2)  Alternate  current  ma- 
chines in  which  the  direction  of  the  ciurent  rapidly  changes 
owing  to  no  commutator  being  used. 

416.  Rnhmkorff's  CoU. — In  RuhmkorfFs  coil  the  ordinary 
current  is  changed  by  induction  into  one  which  possesses 
very  great  electro-motive  force.  We  have  in  the  centre  of 
this  coil  a  core  of  soft  iron,  and  a  current  from  several 
Grove's  cells  is  made  to  pass  round  this  core  in  such  a 
manner  as  to  transform  it  when  the  current  passes  into  a 
powerful  electro-magnet. 

The  coil  of  wire  through  wnich  the  current  passes  is  called 
the  primary  coil.  Outside  of  this,  and  insulated  from  the 
primary,  we  have  a  secondary  coil,  consisting  of  a  large 
quantity  of  fine  wire  well  insulated,  sometimes  40  or  50 
miles  of  wire  being  used  for  this  purpose. 

In  such  machines  there  is  generally  a  self-acting  arrange- 
ment, by  which  the  primary  circuit  is  made  and  broken, 
and  the  soft  iron  core  is  thus  rapidly  magnetized  and 
demagnetized. 
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When  the  primary  current  is  started  the  secondary  coil  is, 
as  it  were,  rapidly  brought  into  the  presence  of  a  strong 
current,  and  also  of  a  strong  magnet,  and  a  powerful  induced 
current  is  therefore  generated  in  the  secondary  coil,  the 
direction  of  the  induced  current  being  the  reverse  of  that 
of  the  primary  current. 

Again,  when  the  primary  current  is  cut  off  there  will  be  an 
induced  current  in  the  secondary  coil,  the  direction  of  which 
will  now  be  the  same  as  that  of  the  primary  current.  But 
the  secondary  current  produced  when  the  primary  current  is 
broken  has  a  greater  electro-motive  force  than  that  produced 
when  the  primary  current  is  started,  so  that  when  the  induced 
current  is  forced  to  overcome  a  great  resistance,  such  for 
instance  as  passing  through  a  space  of  air,  it  is  only  the 
direct  secondary  currents,  or  those  produced  when  the 
primary  current  is  interrupted,  that  are  able  to  pass  ;  and 
we  have  therefore  virtually,  in  a  RuhmkorfTs  coil,  a  power- 
ful secondary  current  always  in  the  same  direction  as  the 
primary  current. 

The  spark  of  a  very  powerful  RtihmkorfTs  machine  has 
been  made  to  pass  through  42  inches  of  air.* 


Lesson  XLIX. — Distribution  and  Movement  of 
Electricity  in  a  Voltaic  Battery. 

4.16.  This  subject  was  first  studied  by  Ohm,  a  German 
philosopher,  who  developed  from  theory  the  laws  regulating 
the  motion  and  distribution  of  electricity  in  a  battery.  These 
laws  have  since  been  abundantly  verified  by  experiment,  and 
may  therefore  be  received  as  at  least  a  near  approximation 
to  the  truth.  In  a  voltaic  battery  there  are  three  objects  of 
study  :  first  of  all  we  have  the  electro-motive  force,  or  the 
effort  put  forth  to  establish  a  current  of  electricity  ;  secondly, 
we  have  the  resistance  to  be  overcome  before  such  a  current 
can  be  produced ;  and  lastly,  we  have  the  strength  of  the 
current  which  is  produced. 

1  This  relates  to  one  made  by  Mr.  Spottiswoode,  in  which  the  secondary  coil 
consisted  of  280  miles  of  wire. 

C  C 
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4.17.  EleetriMttottTe  Force — Taking  these  in  their  order^ 
we  have  first  the  electro-motive  force.  Whatever  may  be  its 
cause,  there  is  without  doubt  a  difference  of  electrical 
potential  at  the  poles  of  a  battery,  and  this  may  be  regarded 
as  the  measure  of  the  electro-motive  force  (which  term  we 
may  abbreviate  to  E.M.F.),  inasmuch  as  it  represents  the 
tendency  to  form  a  current. 

In  the  first  place,  this  is  independent  of  the  size  of  the 
plates  of  the  battery  but  depends  upon  the  nature  of  the 
materials  used;  in  fact,  it  mainly  depends  upon  the  distance 
of  the  two  metals  from  one  another  in  the  electro-motive 
series  of  Art.  386. 

Again,  the  E.M.F.of  six  cells  of  Daniell's  battery  in  line 
will  be  six  times  as  great  as  that  of  a  single  cell ;  and,  in  like 
manner,  the  E.M.F.  of  four  cells  of  Grove's  battery  will  be 
four  times  as  great  as  that  of  a  single  cell  of  the  same,  so 
that  the  electro-motive  force  varies  as  the  number  of 
cells, 

4.18.  Electrical  Resistance. — When  we  discussed  thermal 
conductivity  (Art.  219)  we  imagined  a  wall  one  metre  in 
thickness,  one  side  of  which  was  kept  at  a  given  tempexature, 
while  the  other  side  was  one  degree  Centigrade  hotter,  and 
we  measured  the  conductivity  by  the  quantity  of  heat 
which  flowed  in  one  minute  across  a  square  metre  of  the 
wall. 

We  might  in  a  similar  manner  measure  electrical  con- 
ductivity ;  for  we  might  imagine  one  side  of  the  wall  kept 
uniformly  at  a  given  electric  potential,  and  the  other  side  at 
an  electric  potential  somewhat  different,  and  measure  the 
quantity  of  electricity  that  would  in  consequence  flow  in  one 
minute  across  the  wall,  and  this  we  might  term  its  electric 
conductivity.  But  in  the  science  of  electricity  it  is  more 
convenient  to  conceive  of  electric  resistance,  a  quality  which 
is  the  reciprocal  of  conductivity,  so  that  the  quantity  of 
electricity  flowing  through  a  conductor  in  unit  of  time,  in 
consequence  of  an  electric  difference  of  potential,  will  be 
directly  proportional  to  the  conductivity,  but  will  be  recipro- 
cally proportional  to  the  electric  resistance.     In  other  words^ 
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if  we  denote  by  strength  of  current  the  quantity  of  electricity 
which  passes  in  unit  of  time,  then  we  shall  have — 
strength  of  current  =  electro-motive  force 
resistance 
Or  if  E  be  used  to  denote  the  E.M.F.  of  a  current,  and  if  R 
denote  the  resistance  of  the  circuit,  while  c  denotes  the  in- 
tensity of  the  current,  we  shall  have  C  =  ~,  and  this  is  how 

Ohm  expressed  his  law. 

Thus  if  we  double  the  electro-motive  force  without  altering 
the  resistance,  the  strength  of  the  current  will  be  doubled ; 
and  again,  if  we  double  the  resistance  without  altering  the 
electro-motive  force,  the  strength  will  be  reduced  to  one- 
half. 

4.19.  We  have  now  to  ascertain  how  we  may  estimate  the 
electric  resistance  of  substances.  This  is  found  to  depend 
on  three  things. 

1st.  The  electric  resistance  of  a  conductor  depends  upon  the 
feature  of  its  substance, 

2nd.  Its  resistance  varies  inversely  as  its  cross  section  j 
that  is  to  say,  a  wire  with  a  large  cross  section  offers  much 
less  resistance  to  the  passage  of  a  current  than  one  with  a 
•small  section. 

3rd.  Its  resistance  is  proportional  to  its  length;  that  is  to 
say,  if  a  current  has  to  pass  through  two  miles  of  wire  it 
will  be  twice  as  much  resisted  as  if  it  had  to  pass  through 
one  mile. 

Expressing  these  laws  in  a  formula  we  have  for  a  wire 

JL  ^  p  -^  where  R  is  the  resistance,  p  the  specific  resistance^ 

A 

L  the  length,  and  A  the  area  of  cross  section. 

Example, — Find  the  resistance  of  a  wire  of  15708  units 
long,  of  10  units  diameter,  and  of  specific  resistance  "oi. 

Answer.-^        R  =  •o^.2<^9f  =  -002. 
3*1416  X  5' 
since  area  of  cross  section  is  3*1416  X  square  of  radius. 

4.20.  A  battery  is  generally  composed  of  two  parts ;  1st, 
the  internal  or  other  liquid  conductors  which  are  essential 

C  C  2 
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to  its  action  ;  2nd,  the  outer  and  metallic  conductors.  The 
resistance  offered  by  the  former  may  be  called  the  internal 
resistance,  and  that  offered  by  the  latter,  the  external  resist- 
ance of  the  battery. 

Now  let  us  denote  by  E  the  electro-motive  force  of  one 
cell,  and  by  B  the  essential  or  internal  resistance  of  one  cell 
of  a  battery,  while  R  denotes  the  external  resistance,  which 
may  be  increased  or  diminished  at  will.  Then  we  shall  have 
by  Ohm*s  law  for  a  single  cell  in  this  circuit— 

B  +  R  ' 

Next  let  there  be  lo  cells,  then  we  shall  have  the  electro- 
motive force  and  the  internal  resistance    both    increased 

tenfold,  so  that  now  c  =  — ?£JE_ 
lo  B  +  R' 

4.21.  These  formulae  will  enable  us  to  determine  the 
intensity  of  the  current  obtained  by  any  arrangement  of  a 
voltaic  battery. 

Thus  let  the  external  resistance  sensibly  vanish,  then  the 
current  will  be  the  same  in  both  the  cases  mentioned  above  ; 
for  although  in  the  one  case  the  electro-motive  force  is 
increased  ten  times,  the  resistance  is  also  unavoidably- 
increased  in  the  same  proportion,  and  hence  both  numera- 
tor and  denominator  of  the  fraction  representing  intensity- 
are  multiplied  by  the  same  number.  If  therefore  the  ex- 
ternal resistance  be  very  small,  we  do  not  gain  much  by- 
increasing  the  number  of  cells.  But  suppose  that  while  the 
essential  resistance,  or  B,  is  equal  to  lo,  the  external  resist- 
ance is  equal  to    loo,  then  we  shall  have,  for  one   cell 

C    =  —  ,  and  for  lo  cells,  c   =  ^?-^    =  1.     If  thw^fore 

no  200  20 

the  external  resistance  be  great  compared  to  the  internal 
or  essential  resistance,  a  considerable  increase  in  the  intensity 
of  the  current  is  obtained  by  increasing  the  number  of  cells. 
Thus,  in  producing  the  electric  light  by  the  method  in  which 
a  carbon  filament  is  heated  to  incandescence  by  means  of 
Grove's  cells,  it  is  necessary  that  a  large  number  should 
be  employed  if  the  carbon  have  a  high  resistance. 
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Example. — A  lamp  has  a  resistance  when  hot  of  22*5 
units,  and  requires  two  units  of  current  to  raise  the  filament 
to  white  heat.  Calculate  the  number  of  cells  which  should 
be  employed,  assuming  each  cell  to  have  ^n  E.M.F.  of  two 
imits  and  an  internal  resistance  of  'i  unit. 

Answer. — ^We  have 


c  = 


n  E 
«  B  +  R 


where  c  =  2,  E  =  2,  B  =  'i,  and  R  =  22*5,  and  n    is  the 
number  of  cells  : — ^hence 


2  n 


•I »  +  22*5 
and  «  =  25 

Again,  the  thermo-electric  current  is  one  in  which  the 
external  resistance  is  generally  much  greater  than  the  in- 
ternal or  essential  resistance.  For  in  this  case,  the  whole 
arrangement  being  metallic  without  any  interposed  fluids, 
the  essential  resistance  is  extremely  small  ;  but  in  order  to 
make  use  of  the  current,  it  is  generally  necessary  to  have 
a  coil  of  wire  constituting  an  external  resistance  much 
greater  than  the  internal  one.  It  is  therefore  advantageous 
to  multiply  the  number  of  couples.  Generally  not  fewer  than 
25  couples  are  used  in  order  to  form  a  thermo-pile. 

42a.  Let  us  now,  instead  of  increasing  the  number  of 
cells,  adhere  to  one  cell,  but  increase  the  size  of  the  plates. 
In  this  case  the  electro-motive  force  will  be  unaltered; 
remaining  equal  to  E,  but  the  internal  resistance  will  be 
diminished,  since  the  cross  section  of  the  conductor  is  in- 
creased.    If  the  area  of  each  plate  be  increased  10  times, 

we  shall  have,  C  =»  — 2 —       t=    ^p  ^     ,     Now  if  the  ex- 

'  "  B  +  IOR 


temal  resistance  be  small  compared  to  the  internal,  we  see 
that    the    intensity  will    vary  nearly    as  the    area   of  the 

plate.  Thus  if  R  =  ^,    while  B  =  10,  we  shall  have  for  th< 
10 
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large  plates,  c  =  -I^,  while  for  the  small  plates,  c  =  — 1-, 

the  former  of  these  being  nearly  ten  times  as  great  as  the 
latter. 

Hence  when  the  external  resistance  is  small  we  gain  most 
by  increasing  the  size  of  the  plates.  This  is  the  case  when 
the  battery  is  used  to  produce  thermal  effects.  Thus  if  we 
wish  to  melt  an  iron  wire,  it  is  more  advantageous  to  have  a 
few  cells  of  large  size  than  a  great  number  of  small  cells. 

423.  We  thus  perceive  how  the  strength  of  the  current 
due  to  any  arrangement  of  cells  may  be  determined.  Ohm 
likewise  showed  that  the  strength  is  the  same  in  all  parts  of 
the  circuit ;  that  is  to  say,  the  same  quantity  of  electricity 
passes  through  all  cross  sections  of  a  battery  in  the  same  iitne 
whether  tlu  cross  section  be  that  of  the  cell  or  of  the  conducting 
wire*    This  has  also  been  verified  by  experiment 

4.a4.  Suppose  now  that  we  have  a  galvanometer  inserted 
in  a  voltaic  circuit,  and  that  the  strength  of  the  current,  as 
determined  by  its  influence  upon  the  needle,  is  c  Suppose 
also  that  12*36  metres  of  tin  wire  of  the  cross  section  of  one 
square  millimetre  form  part  of  this  circuit,  and  that  we  take 
away  the  tin  wire  and  replace  it  with  silver  wire  on  the  same 
thickness,  but  of  100  metres  in  length*  It  will  be  found  that 
the  intensity  of  the  current  is  unaltered  by  this  substitution  ; 

but  since  c  =*  — ,    it  follows  that  the  resistance  of  the  whole 

R 

current  is  the  same  in  both  cases,  and  hence  (since  the  oth^r 
parts  of  the  circuit  were  common  to  both)  that  the  resistance 
of  the  silver  wire  is  equal  to  that  of  the  tin  wire.  Now 
if  the  resistance  of  100  metres  of  silver  wire  is  equal  to  that 
of  12-36  metres  of  such  tin  wire,  it  follows  (Art.  419)  that  the 
resistance  of   equal  lengths   of  such   silver  and  tin    wire 

maybe   represented  by  _i— and--^^.*   and    hence    the 
100  12.30 

conductivities  of  the    two  metals,  which  are  reciprocal  to 

these  resistances  (Art.   418),  will  be  represented    by   100 

and  12*36. 

4A5.  Electric  Conductivity. — By  this,  or  by  some  other 
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similar  method,  we  may  obtain  the  electric  conductivity  of 
the  various  metals.  The  following  results  are  those  of  Dr. 
A.  Matthiessen  and  M.  von  Boee  : — 

Electric  Conductivity 
at  0°  C  at  loo"  C. 

Name  of  MetaL  (Silver  at  o'  C.  (Silver  at  o*  C. 

=  100)  =  100) 


Silver  (hard-drawn) 100*00 

Copper  (hard-drawn)     .     .    .  99^95 

Gold  (hard-drawn)  .        ...  77*96 

Zinc 29*02 

Cadmium 23*72 

Tin 12*36 

Lead 8*32 

Arsenic 4*76 

Antimony 4*62 

Bismuth 1*245 


71*56 
70*27 

5590 
2067 

i6*77 
867 
5*86 

5-33 

3*26 

0878 


It  has  been  remarked  by  Principal  Forbes  that  metals 
follow  one  another  in  the  same  order,  whether  as  conductors 
of  heat  or  of  electricity,  and  this  is  borne  out  by  comparing 
the  above  Table  with  that  of  Art.  219.  Tait  has  furthermore 
shown  that  if  two  specimens  of  the  same  metal  vary  in 
their  electrical  conductivity,  they  vary  in  the  same  manner 
as  regards  their  thermal  conductivity. 

Finally,  it  would  appear  that  both  the  electric  and  the 
thermal  conductivity  of  metals  are  diminished  by  increasing 
their  temperature,  in  such  a  manner  that  the  conductivity 
varies  inversely  as  the  absolute  temperature  (Art.  247). 

4*26.  The  Unit  of  Resistance.— Electrical   resistance   is 
now  expressed  in  terms  of  a  unit  known  as  the  Ohm,  which 
is  equal  to  the  resistance  of  a  column  of  pure  mercury  one/ 
square  millimetre  in  section  and  105  centimetres  long. 

4.27.  The  Unit  of  E.M.F. — This  is  called  the  Volt. 
The  value  of  the  E.M.F.  of  several  cells  ia  terms  of  the  volt 
are  given  below  : — 

Volta's        cell  .  *8toi*o 

Daniell's       „  .  i*i 

Grove's         „  .        .        .        1*9  to  2*0 
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Bunsen's    cell  •        •        «        i '8  to  1*95 

Leclanch^'s  „  «        .        .        1*4 

Bichromate  „  •        •        •        1*6  to  2*0 

4*28.  TlM  Unit  of  Current. — This  is  the  Anipere.  From 
Ohm's  law  we  have 

Amperes  =Y?!Ls 
Ohms 

hence  in  any  circuit  when  two  of  the  quantities  are  known 

the  third  can  be  found. 

Example, — A  Grove's  cell  gave  a  current  of  10  amperes 
when  the  external  resistance  was  *!  ohm.  Find  the  internal 
resistance  of  the  cell  when  the  E.M.F.  is  2  volts; 

Answer, — Since  by  (Art.  418) 

B  +  R 

we  have 


10  = 


B  +  'I 

B  =  ^  ohm. 


Lesson  L.— Effects  of  the  Electric  Current. 

4.29.  Physiological  Effects. — The  discharge  of  a  Leyden 
jar  battery  (Art.  353)  may  perhaps  be  likened  to  that  of  a 
cannon-ball  from  a  field-piece,  while  a  voltaic  battery  may  be 
likened  to  a  machine  which  keeps  perpetually  discharging 
enormous  quantities  of  excessively  small  shot. 

The  one  effect  is  sudden  and  awe-inspiring,  the  other  is 
continuous  and  of  a  comparatively  quiet  nature. 

There  is  great  electro-motive  force  in  the  Leyden  jar 
battery,  but  the  quantity  of  electricity  which  passes  is  not 
great. 

On  the  other  hand,  the  E.M.F.  of  voltaic  electricity  is  so 
small  that  it  is  only  a  very  powerful  battery  that  can  send 
its  sparks  across  an  appreciable  thickness  of  air.  But  the 
quantity  of  electricity  which  passes  in  a  voltaic  battery  is 
very  great ;  and  a  battery  of  this  kind  which  has  been  in 
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silent  action  for  a  few  minutes  may  probably  have  accom- 
plished as  much  work  as  could  be  done  by  a  flash  of 
lightning,  in  which  phenomenon  the  greatest  possible  effect 
is  produced  with  the  smallest  possible  means  as  regards 
quantity  of  electricity. 

The  destructive  effect  of  the  voltaic  current  upon  animal 
life  is  not  therefore  so  great  as  that  of  a  Leyden  jar  battery. 
With  a  single  cell  the  shock  produced  is  hardly  perceptible, 
but  with  100  or  150  cells  it  is  very  great,  and  would  be 
dangerous  if  continued  for  any  length  of  time. 

430.  Thermal  Effects. — When  the  electric  current  is 
made  to  pass  through  a  circuit  it  heats  this  circuit,  and  the 
heating  effect  is  proportional  to  the  resistance  (Art.  419) 
which  the  circuit  interposes  to  the  passage  of  the  <5^rrent. 
By  means  of  this  resistance,  that  species  of  energy  which 
we  term  electricity  in  motion  is  converted  into  that  other 
species  of  energy  which  we  term  heat,  and  the  heat  so 
produced  is  proportional  to  the  resistance  offered  to  the 
current. 

Now  if  we  diminish  in  any  proportion  the  cross  section  of 
a  wire  we  increase  its  resistance  in  the  same  proportion 
(Art.  419),  and  it  therefore  follows  that  by  reducing  to  one 
half  the  cross  section  of  a  wire,  we  double  the  amount  of  heat 
generated  in  it  by  the  passage  of  the  same  quantity  of  elec- 
tricity. Again,  since  this  double  amount  of  heat  has  only 
half  the  amount  of  metal  to  influence,  it  follows  that  the 
initial  rise  of  temperature  will  be  increased  fourfold  ;  that  is 
to  say,  the  initial  increase  of  temperature  produced  in  one 
second  by  the  passage  of  the  same  quantity  of  electricity  will 
vary  inversely  as  the  square  of  the  cross  section. 

4.31.  In  the  next  place,  the  hecU  generated  in  a  given  time 
is  proportional  to  the  square  of  the  strength  of  the  current. 
We  may  deduce  this  from  the  previous  law  by  supposing 
that  we  have  two  wires  of  single  thickness  close  together, 
while  single  currents  are  made  to  pass  through  each  simul- 
taneously, so  that  we  may  imagine  one  current  to  go  through 
the  one  wire  and  one  through  the  other. 

Therefore  by  means  of  this  double  current  going  through 
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a  double  wire,  twice  as  much  heat  will  be  generated  in  a 
given  time  as  by  a  single  current  going  through  a  single 
wire  ;  but  we  have  just  seen  that  when  a  double  current  ^oes 
through  a  dnglewire,  twice  as  much  heat  is  generated  as 
when, it  goes  through  a  double  wire  ;  that  is  to  say,  four 
times  as  much  as  when  a  single  current  goes  through  a 
single  wire. 

4aa.  We  have  previously  seen  (Art.  423)  that  the  quantity 
of  electricity  which  passes  in  unit  of  time  through  every 
cross  section  of  a  closed  circuit  is  the  same ;  and  we  have 
also  seen  (Art  418)  that  the  resistance  is  inversely  pro- 
portional to  the  conductivity  ;  we  can  therefore,  if  we  know 
the  electric  conductivity  of  the  various  materials  of  which 
the  cin^it  is  composed,  find  the  distribution  of  heat  in  the 
various  parts  of  the  circuit.  Thus  let  one  part  be  composed 
of  a  metre  of  silver  wire  two  square  millimetres  in  cross  sec- 
tion, and  another  of  five  metres  of  zinc  wire  four  square  milli- 
metres in  cross  section,  what  will  be  the  relative  heating  effects 
of  the  current  on  these  two  wires  ?  If  we  call  the  heat  pro- 
duced in  the  first  wire  unity,  that  produced  in  the  second  will  be 

I  X  ^  X  5  X   -  =  8*62,  in  which  expression  the  second 

29  4 

factor  is  on  account  of  conductivity  (see  table.  Art.  425),  the 
third  on  account  of  length,  and  the  last  on  account  of  cross 
section. 

4>33.  We  can  thus  tell  the  relative  distribution  of  heat  in 
the  various  parts  of  a  battery  ;  but  in  order  to  tell  the  whole 
heating  effect  produced  from  first  to  last,  we  must  bear  in 
mind  the  origin  of  the  heat.  This  is,  in  fact,  the  burning  of 
the  fuel  zinc,  the  potential  energy  of  which  is  converted  in 
the  first  instance  into  electricity  in  motion,  and  ultimately 
(let  us  suppose)  into  heat.  Now  a  certain  quantity  of  zinc 
consumed  will  give  us  a  certain  definite  quantity  of  heat, 
neither  more  nor  less ;  and  it  has  been  shown  by  Joule  that 
if  the  same  quantity  of  zinc  be  combined  with  acid  in  an 
ordinary  vessel,  it  will  give  out  the  same  amount  of  heat  as 
if  it  were  consumed  by  means  of  the  voltaic  arrangement. 

Thus  the  difference  between  dissolving  zinc  by  acid  in  an 
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ordinary  vessel,  and  doing  so  by  the  voltaic  arrangement,  is 
not  in  the  quantity  of  heat  which  it  gives  out,  but  in  the 
distribution  of  this  heat.  For  in  the  voltaic  arrangement 
heat  may  be  developed  many  miles  from  the  cells  in  which 
the  combustion  takes  place,  but  in  the  ordinary  case  the 
heat  is  produced  in  the  vessd  in  which  the  zinc  is  dissolved. 

434.  Joiile's  Law. — The  relation  between  the  electrical 
energy  in  a  circuit  and  the  heat  produced  is  expressed  by 
c^RT  =  JH  ;  where  c  is  the  strength  of  the  current,  R  is  the 
resistance  of  the  circuit,  T  is  the  time  the  current  passes,  H  the 
number  of  thermal-units  produced,  and  j  Joule's  equivalent. 

435.  Slectric  Idgrht. — When  a  voltaic  battery  is  very 
powerful,  if  we  bring  the  poles  into  actual  contact  with  each 
other  and  then  separate  them,  a  powerful  light  known  as  the 
arc  light  will  be  produced,  the  nature  of  which  will  depend 
upon  that  of  the  substances  which  form  the  terminals; 
the  light  in  fact  consists  of  small  particles  of  the  terminals 
and  of  the  intervening  air,  intensely  luminous,  and  often  in  a 
state  of  vapour.  When  the  poles  are  formed  of  carbon,  this 
light  is  the  most  intense  which  we  can  produce  by  any  means, 
and  almost  rivals  in  lustre  the  light  of  the  sun. 

436.  Chemical  Sffects. — The  electric  current  is  capable  of 
decomposing  certain  compound  bodies  into  their  constituent 
elements ;  thus  water  is  decomposed  into  the  gases  oxygen 
and  hydrogen.  Faraday  was  the  first  to  discover  the  laws 
which  regulate  this  action  of  the  current,  and  he  has  termed 
decomposition  by  the  battery  BlectrolysiB,  while  the  term 
Electrolyte  has  been  applied  to  any  substance  which  is 
capable  of  being  so  decomposed. 

The  voltaic  battery  first  enabled  us  to  demonstrate  the 
compound  nature  of  certain  substances  that  had  previously 
been  considered  elements. 

Thus  Davy,  by  a  battery  of  250  cells,  decomposed  potash 
and  soda,  and  showed  that  they  contained  the  metals 
potassium  and  sodium. 

When  a  battery  is  used  to  decompose  water,  an  arrange- 
ment like  that  in  Fig.  136  is  used.  At  the  left  hand  we 
have  the  positive  pole,  and  at  the  right  hand  the  negative 
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pole  of  our  battery,  so  that  the  progress  of  the  current  is  from 
left  to  right. 

Now  if  we  have  two  vessels,  O  and  H,  both  iilled  with  water, 
and  M  p  and  n  be  two  platinum  terminals  of  the  battery- 
entering  these  vessels,  it  will  be  found  that  if  the  battery  is 
strong  enough,  the  current  will  decompose  the  water,  and 
that  oxygen  gas  will  appear  in  the  vessel  O,  while  hydrogen 
gas  appears  in  H,  the  volume  of  the  hydrogen  being  about 
twice  as  great  as  that  of  the  oxygen. 

The  elements  which  appear  at  the  positive  pole  of  a  battery 


Fig.  X36. 

are  called  electro-neffatlve  elements,  and  those  which  appear 
at  the  negative  pole  electro-positwe.  Oxygen  is  the  most 
electro-negative  element,  and  potassium  the  most  electro- 
positive. 

4>37.  If  we  study  the  chemical  action  of  the  current,  as  re- 
presented in  Fig.  136,  we  naturally  ask.  How  is  it  that  the 
oxygen  appears  at  the  one  wire,  and  the  hydrogen  at  the 
other  ? 

Is  the  oxygen  of  each  particle  decomposed  carried  bodily 
to  the  one  pole  and  the  hydrogen  to  the  other?  In  order 
to  test  to  what  extent  this  will  hold,  Davy  performed  the 
following  experiment.  He  took  three  glasses,  ABC  (Fig.  1 37), 
into  the  first  of  which  he  put  a  solution  of  sodium  sulphate 
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into  the  second  syrup  of  violets,  while  the  third  contained 
pure  water.  These  three  vessels  he  connected  together  by 
moistened  threads  of  asbestos. 

The  current  was  then  made  to  go,  as  in  the  figure,  from  C 
to  A.    The  consequence  was  that  in  time  the  sodium  sul- 


FiG.  137. 

phate  was  decomposed,  the  alkali  being  left  in  A,  while  the 
acid  was  found  in  c.  When  the  current  was  reversed,  the 
acid  was  found  in  A,  and  the  alkali  in  C ;  but  in  neither  case 
was  the  syrup  of  violets  affected  by  the  passage  through  it  of 
the  acid  or  the  alkali. 

A3B.  Grotthuss  has  imagined  an  hypothesis  which  may 
explain  this  peculiar  action  of  the  current.  In  order  to 
simplify  conception,  let  us  suppose  that  we  are  decomposing 
water.  Then  he  supposes  that  the  oxygen  of  the  molecule  of 
water  next  the  positive  pole  will  place  itself  next  that  pole, 
as  in  Fig.  1 38,  and  that  the  whole  row  of  particles  between 
the  two  poles  will  follow,  so  that  in  fact  the  oxygen  of  each 
particle  will  point  to  the  positive,  and  the  hydrogen  of  each 
to  the  negative  pole.    This  is  the  first  step. 

Fig.  138. 

The  next  is  the  separation  of  the  oxygen  at  the  positive 
pole,  while  the  hydrogen  of  that  atom  combines  with  the 
oxygen  of  the  next  atom,  and  the  hydrogen  of  the  second 
with  the  oxygen  of  the  third,  and  so  on,  until  we  come  to  the 
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n^^ve  xwley  when  the  last  atom  of  the  hydrogen  is  set 
free. 

The  intervening  particles  are  then  twisted  round  so  that 
the  oxygen  aUmis  face  the  positive,  and  the  hydrogen  atoms 
the  negative  pole,  and  the  same  process  is  repeated. 

439.  This  h)rpothesis  of  Grotthuss  is  in  accordance  with 
the  laws  of  electrolytic  action  which  were  discovered  by 
Faraday. 

These  are  as  follows : — 

I  St  The  liquid  electrolyte  must  he  a  conductor  in  order  that 
electrolysis  may  take  place, 

2nd.  The  current  decomposes  quantities  of  the  various  elec^' 
irolytes  which  it  traverses  in  the  proportion  of  their 
chemical  equivalents y  so  that  if  Phis  is  decomposed 
at  one  part  of  a  circuit,  and  SnClj  at  another,  we 
shall  obtain  for  207  parts  by  weight  of  lead,  254 
parts  by  weight  of  iodine,  118  of  tin,  and  71  of 
chlorine,  as  the  results  of  the  decomposition. 

3rd.  The  quantity  of  a  body  decomposed  in  a  given  time  is 
proportional  to  the  strength  of  the  current;  that  is 
to  say,  to  the  quantity  of  electricity  which  passes  in 
that  time. 

440.  Eleetro-Cliemical  Equivalent. — The  quantity  of  an 
element  separated  from  a  compound  by  the  passage  of  unit 
quantity  of  electricity  has  been  measured  with  great  care. 
The  amount  so  separated  is  called  the  electro-chemical 
equivalent.  Thus  for  silver  it  is  I  •134  milligrammes  per 
ampere  per  second. 

44>l.  SlectrctTpe  Processes. — The  voltaic  battery  may 
be  made  the  means  of  slowly  depositing  metals  from  their 
solutions.  Thus  copper  may  be  deposited  on  an  engraved 
copper  plate,  and  when  detached,  the  copper  deposit  will 
represent  faithfully  the  engraved  plate :  only  the  lines  which 
are  depressions  in  the  original  will  appear  in  relief  upon  the 
copy.  If  now  a  new  deposit  be  made  upon  the  copy  thus 
obtained,  we  shall  have  an  exact  impression  of  the  original 
copper  plate. 
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A  body  may  also  be  silvered  or  gilt  by  means  of  the 
current.  The  covering  of  an  inferior  metal  with  a  coating  of 
silver  is  very  much  practised,  and  plates  may  thus  be  pro- 
duced at  a  comparatively  small  expense,  which  will  serve  all 
the  purposes  of  solid  silver. 

44A.  Miseeliaiieoiui  XUfects. — If  a  piece  of  heavy  glass  be 
subjected  to  the  action  of  a  powerful  electro-magnet,  and  if  a 
ray  of  polarised  light  be  made  to  traverse  the  glass  in  the 
line  of  tlie  magnetic  poles,  the  plane  of  polarisation  will  be 
twisted  round  to  the  right  or  left,  according  to  the  direction 
of  the  current 

Another  peculiarity  of  the  current  is  the  stratification  of 
the  light  which  is  given  out  when  it  traverses  a  gas  or  vapour 
of  very  small  pressure.  We  have  a  series  of  zones  alter- 
nately light  and  dark,  which  occasionally  present  a  display 
of  colours.  These  stratifications  have  been  much  studied  by 
Gassiot  and  others,  and  are  found  to  depend  upon  the  nature 
of  the  substance  in  the  tube.  If,  however,  the  vacuum  be 
a  perfect  one,  Gassiot  has  found  that  the  most  powerful 
current  is  unable  to  pass  through  any  considerable  length  of 
such  a  tube. 

Another  effect  produced  by  the  passage  of  electricity  is 
the  production  of  osone.  This  substance  is  a  peculiar 
modification  of  oxygen,  into  which  ordinary  oxygen  is 
converted  by  the  passage  of  the  current.  It  is  a  powerful 
bleaching  agent,  and  has  a  very  peculiar  smell,  which  may 
be  noticed  when  an  electric  machine  is  in  action. 


Lesson  LI.— Application  of  Electricity. 

443.  Electric  Televraplus.— If  an  electric  current  be 
sufficiently  strong,  we  may  carry  it,  by  means  of  an  insulated 
wire,  to  a  great  distance  from  the  battery.  At  the  extremity 
of  the  distance  we  may  pass  it  round  a  galvanometer,  and 
finally  bring  it  back  to  the  battery.  Suppose  that  the  galvano- 
meter is  1,000  miles  from  the  battery,  when  the  circuit  is 
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completed  the  current  will  pass  through  the  whole  lengtli  of 
wire  and  deflect  the  needle  of  the  galvanometer.  Thus  by 
turning  the  current  off  or  on  we  shall  be  able  to  put  m 
motion  a  needle  which  is  a  thousand  miles  away  from  the 
battery  at  which  we  operate.  This  is  the  principle  of  the 
electric  telegraph  ;  but  instead  of  having  two  wires— one 
carrying  the  current  from  the  battery  to  the  galvanometer, 
and  the  other  carrying  it  back  from  the  galvanometer  to  the 
battery— the  latter  is  dispensed  with,  and  the  body  of  the 
earth  made  to  take  its  place. 

The  arrangement  will  be  seen  by  the  following  figure  :— 


BATTKRV 


flJALVANOMCrOt 


Fig.  139. 

Not  only  is  the  expense  of  the  telegraph  lessened  by  this 
arrangement,  but  the  intensity  of  the  current  is  increased, 
since  it  has  only  to  traverse  half  the  amount  of  wire. 

4.A^.  The  Telephone.  —  Professor  Graham  Bell  has 
produced  ah  instrument  called  the  telephone,  by  means  of 
which  an  insulated  wire  is  made  the  medium  of  conveying 
speech.  It  operates  in  this  way :  we  have  in  the  first 
place  an  iron  membrane  or  plate  placed  symmetrically  in 
front  of  one  pole  of  a  bar  magnet,  which  is  covered  with 
insulated  wire.  One  operator  talks  immediately  in  front  of 
the  iron  membrane,  which  is  consequently  thrown  into  a  com- 
plicated state  of  vibration.  This  complicated  state  of  vibra- 
tion represents  the  three  elements  of  the  speaker's  voice, 
namely,  pitch,  intensity,  quality.  But  in  each  vibration  of  the 
iron  membrane  we  have  a  portion  of  the  iron  alternately  ap- 
proaching towards  or  receding  from  the  magnet,  and  the  same 
result  will  be  produced  as  when  a  piece  of  soft  iron  is  made 
rapidly  to  approach  or  recede  from  a  magnet  covered  with 
insulated  wire,  namely,  that  if  the  circuit  of  insulated  wire  be 
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complete,  secondary  currents  will  be  produced  in  the  insu- 
lated wire,  these  being  in  one  direction  for  the  approach,  and 
in  the  opposite  for  the  recession,  of  the  soft  iron. 

When  the  iron  membrane  vibrates,  therefore,  in  front  of 
the  magnet,  it  produces  in  the  Insulated  wire,  which  is 
arranged  so  as' to  form  a  complete  circuit,  a  series  of  second- 
ary currents,  which  in  fact  register  all  the  peculiarities  of  the- 
speaker's  voice,  so  far  as  currents  can  be  said  to  do  so.  At 
the  other  end  of  the  circuit,  which  may  be  many  miles  distant, 
we  have  another  instrument  precisely  similar  to  that  now 
described,  with  the  difference  that  the  operator  now  places 
his  ear  instead  of  his  mouth  to  the  iron  membrane.    Now 


Fio*  140. 


the  currents  passing  along  the  insulated  wire,  which  wire  is 
wrapped  round  the  magnet  at  this  end,  just  as  it  was  round 
the  other  magnet,  produce  magnetic  changes  in  the  magnetism 
of  the  magnet,  and  of  the  iron  membrane  in  front  of  it.  These 
magnetic  changes  cause  a  state  of  vibration  of  this  second  iron 
membrane  precisely  similar  to  that  of  the  membrane  at  the 
other  end.  The  consequence  is  that  an  operator  at  one  end 
placing  his  ear  to  the  ifoik  membrane  will  hear  the  very 
sounds  given  out  by  a  speaker  at  the  other  end  of  the 
circuit.    ■  .    ^ 

•  In  Fig,  140  we- have  the  various  parts  of  such  a  telephone. 
Here  a  denotes  .the  mouth-piece,  b  the  iron  membrane,  N- 
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the  north  pole  of  the  magnet,  whose  other  pole  is  s.  At  c  is 
the  coil  of  insulated  wire  connected  at  E  with  the  earth,  and 
at  L  with  the  telegraphic  line  which  goes  to,  and  is  similarly- 
connected  with,  a  similar  instrument  at  the  other  end,  the 
whole  forming  one  circuit 

4-45.  The  Microphone.-— We  are  indebted  for  this  instru- 
ment to  Professor  D.  E.  Hughes.  It  was  found  by  him  that 
if,  in  the  circuit  of  an  electric  current,  a  tube  be  placed 
containing  several  pieces  of  carbon  loosely  in  contact  with 
each  other,  any  sonorous  vibration,  by  affecting  the  closeness 
and  nature  of  the  contact  between  these  various  pieces 
of  carbon,  will  affect  the  resistance  of  the  circuit,  and  hence 
also  the  strength  of  the  current. 

If  the  circuit,  which  may  be  a  long  one,  have  at  the 
one  end  a  microphone  and  at  the  other  a  telephone,  sonorous 
vibrations  taking  place  near  the  microphone  will  produce 
variable  or  intermittent  currents,  which  at  the  other  end  will, 
by  means  of  the  telephone,  reproduce  sonorous  vibrations 
similar  to  those  which  originally  excited  them. 

So  great  is  the  delicacy  of  this  arrangement,  that  sounds 
quite  imperceptible  to  the  human  ear,  as  for  instance,  the 
noise  made  by  a  fly  when  walking,  may  be  rendered  dis- 
tinctly audible  at  the  distance  of  many  miles. 

446.  The  indncUon  Balance. — Professor  Hughes  is  like- 
wise the  inventor  of  this  instrument  Its  principle  of  action 
may  be  explained  as  follows  : — 

If  two  separate  secondary  coils  (which  ought  to  be  at 
least  half  a  metre  apart)  are  joined  together  in  such  a  manner 
that  the  current  induced  by  a  primary  in  the  one  shall  exactly 
neutralize  that  induced  by  a  similar  primary  in  the  other, 
then  we  have  a  perfect  balance,  and  there  will  be  no  current 
in  the  secondary  coils,  whatever  changes  are  taking  place 
meanwhile  in  the  primary. 

Now  let  the  primary  current  have  in  circuit  a  micro- 
phone with  a  seconds  clock  as  the  source  of  sound.  We 
know  from  the  last  article  that  alterations  in  the  strength 
of  the  primary  current  will  by  these  means  be  pro- 
duced, nevertheless  these  alterations  will  not  induce  any 
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current  in  the  balanced  secondary  circuit,  so  that  if  a  tele- 
phone be  attached  to  this  circuit  we  shall  hear  no  noise.  If, 
however,  a  coin  be  placed  alongside  or  inside  one  of  the 
secondary  coils,  it  will  be  electrically  influenced  by  the 
primary,  and  will  in  its  turn  interfere  with  the  secondary  to 
which  it  is  attached,  so  that  the  two  secondaries  will  now  no 
longer  balance  each  other.  Alternating  currents  will  there- 
fore now  pass  through  the  secondaries,  and  these  will,  by 
means  of  the  telephone,  reproduce  the  source  of  sound  ;  that 
is  to  say,  the  beating  of  the  clock.  If  two  exactly  similar  , 
coins  be  similarly  placed  in  the  two  coils  of  the  induction 
balance,  there  will  of  course  be  no  current,  and  hence  no 
noise ;  but  so  delicate  is  this  instrument,  that  if  the  one 
coin  be  made  of  false  metal,  or  even  if  it  be  a  trifle  too 
light  compared  with  the  other,  a  sound  will  at  once  be 
produced. 

^  44*7.  The  Bolometer. — A  method  originally  employed  by 
Siemens  has  been  adapted  by  Professor  S.  P.  Langley  to  the 
construction  of  a  very  delicate  measurer  of  heat.  Thev 
instrument  for  this  purpose  is  called  a  Bolometer.  It  will 
appear  from  Art.  425  that  the  electrical  conductivity  of  a 
metal  is  diminished,  and  its  electrical  resistance  increased, 
as  it  rises  in  temperature.  Now  suppose  that  two  circuits 
conveying  equal  and  opposite  currents  meet  in  a  galvano- 
meter, the  needle  will  of  course  remain  at  rest.  Suppose 
however  that  a  portion  of  one  of  these  circuits  is  heated,  the 
consequence  will  be  that  its  resistance  will  be  increased,  and 
(by  Ohm's  law)  the  current  passing  through  it  will  therefore 
be  diminished.  The  two  opposing  currents  will  now  no 
longer  balance  each  other,  but  the  one  whose  circuit  has  not 
been  heated  will  prevail,  and  the  galvanometer  will  be 
deflected.  Now,  suppose  that  these  circuits  each  contain 
a  sheet  of  extremely  thin  platinum  foil — if  both  sheets  be  at 
exactly  the  same  temperature  the  balance  of  currents  will 
be  perfect,  and  the  galvanometer  will  not  be  deflected.  If 
however  one  of  these  sheets  be  heated,  this  will  produce  a 
current  in  one  direction,  and  if  the  other,  this  will  produce  a 
current  in  the  opposite  direction.    If  the  sheets  be  exceed- 
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ingly  thin,  then  a  very  small  quantity  of  heat  may  suffice  to 
produce  a  considerable  result.  The  sheets  may  thus  be  com- 
pared to  the  two  faces  of  a  thermopile  (Art.  290),  and  indeed 
this  instrument  is  found  to  be  capable  of  giving  us  even  more 
delicate  and  trustworthy  measurements  of  heat  than  can  be 
obtained  by  means  of  the  thermopile.  Professor  Langley 
has  by  its  means  determined  with  much  precision  the  exact 
distribution  of  energy  in  the  solar  spectrum  (see  Art.  299). 

448.  Secondary  or  Storaffe  Batteries. — A  recent  modifi- 
cation by  Faure  of  the  battery  of  Plants  will  best  serve  to 
illustrate  these  secondary  batteries,  or  accumulators,  as  they  ' 
are  sometimes  called.  The  two  plates  or  electrodes,  of  this 
battery  consist  of  two  pieces  of  sheet-lead  rolled  up  without 
actual  contact  and  coated  with  red  lead  :  these  are  inmiersed' 
in  dilute  sulphuric  acid.  If  now  this  battery  be  charged  by 
a  powerful  current,  the  coating  of  the  one  plate  will  become 
converted  into  peroxide  of  lead,  while  that  of  the  other  plate 
will  be  deoxidised.  The  plates  are  now  in  a  condition,  if 
connected  together,  to  furnish  a  current  by  themselves,  which 
will  continue  until  both  are  once  more  reduced  to  the  same 
state  of  oxidation. 

449.  Bleetrie  lAgbUag' — We  have  seen  (Art  435)  that 
when  a  powerful  electric  current  passes  between  carbon  poles 
not  in  actual  contact  it  produces  a  very  intense  Hght.  As 
this  light,  besides  being  exceedingly  brilliant,  can  now  be 
rendered  very  steady,  it  has  been  much  used  for  the  illumi- 
nation of  lighthouses  and  large  public  places.  It  is  how- 
ever unsuitable  for  smaller  rooms,  but  in  these  the  place  of 
gas  can  be  advantageously  supplied  by  another  species  of 
light,  also  electrical.  This  consists  of  a  small  glass  g^obe 
rendered  a  perfect  vacuum,  and  containing  sealed  into  it  two 
electric  poles  or  terminals,  connected  together  by  a  delicate 
thread  of  prepared  carbon.  When  a  powerful  current  is  made 
to  pass  through  the  terminals  of  such  a  globe,  the  thread  of 
carbon  is  rendered  intensely  brilliant^  and  from  the  globe 
being  a  vacuum  the  thread  does  not  waste  away  as  it  would 
otherwise  do.  In  this  arrangement  we  have  the  maximum 
'^f  light  with  the  minimum  of  heat,  and  no  bad  air  whatever  i 
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the  lamp  will,  therefore,  in  all  probability  be  largely  used  in 
the  course  of  time.  Currents  sufficiently  powerful  and  con- 
tinuous to  serve  for  lighting  purposes  are  best  supplied  by 
dynamo  machines  (Art.  414),  and  it  has  been  suggested  that 
the  introduction  of  secondary  batteries  would  serve  to  obviate 
the  inconvenience  occasioned  by  a  temporary  stoppage  of 
the  machinery,  inasmuch  as  these  when  charged  would 
continue  to  give  out  a  cturent  on  their  own  account  for  some 
time. 


CHAPTER    X. 

Lesson  LI  I. 

ENERGY,  OF  CHEMICAL  SEPARATION,-- 
CONCLUDING  REMARKS. 

450.  We  have  pointed  out,  in  Art.  103,  that  in  the  efforts 
to  separate  an  atom  of  carbon  from  one  of  oxygen  the  energy 
which  we  employ  is  transmuted  into  a  species  of  potential 
molecular  energy,  just  as  when  a  stone  is  separated  from  the 
earth  and  carried  to  the  top  of  a  house,  the  energy  employed 
in  doing  this  is  transmuted  into  potential  energy. 

Further,  we  have  seen  that  when  this  carbon  is  burned  in 
the  fire,  this  molecular  potential  energy  is  converted  into 
molecular  energy  of  motion ;  or,  in  other  words,  heat  is 
generated. 

It  is  natural,  therefore,  to  expect  that  a  definite  quantity  of 
carbon  will,  when  burned,  always  furnish  a  definite  quantity 
of  heat. 

4.51.  Andrews  in  this  country,  and  Favre  and  Silbermann 
in  France,  have  investigated  the  quantity  of  heat  given  out 
by  chemical  combination,  and  from  their  researches  the 
following  table  has  been  derived  : — 
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Units  of  Heat  Developed  during  Combustion  in  Oxygen. 

Kilogrammes  of  water 
raised    i°   C.    by  the 
Substance  burned.         combustion     of    one  Compound  formed, 

kilogramme    of   each 
substance. 

Hydrogen 34135 HgO 

Carbon 7990 COg 

Sulphur 2263 SO2 

Phosphorus 5747 PgOg 

Zinc 1301 ZnO 

Iron 1576 Fe304 

Carbonic  oxide 2417 COg 

Marsh  Gas 13085 

Olefiant  gas 11900 

Alcohol 7016 

452.  Andrews  has  likewise  studied  the  heat  given  out 
during  the  mutual  action  of  metals,  and  has  been  led  to  the 
following  result : — 

If  there  be  three  metals ,  A,  By  C,  such  that  A  will  dis- 
place B  and  Cfrom  their  combinations ^  while  B  will  displace 
C,  then  the  heat  developed  by  substituting  A  for  C  will  be 
equal  to  that  produced  by  substituting  A  for  B,  pliis  that 
produced  by  substituting  B  for  C 

This  law  is  similar  to  that  obtained  for  electro-motive  force 
(Art.  385),  and  this  leads  us  to  believe  that  the  electro-motive 
forces  are  really  those  which  cause  heat  when  chemical  com- 
bination takes  place.  This  conjecture  is  confirmed  by  the 
fact,  that  if  the  metals  be  classed  according  to  the  amount  of 
heat  which  they  give  out  when  displacing  one  another,  we 
reproduce  the  electro-motive  series  of  Art.  386. 

453.  Dissipation  of  Snerey. — We  have  seen  (Art.  1 10) 
that  the  law  of  the  conservation  of  energy  is  nothing  more 
than  an  intelligent  and  well-supported  denial  of  the  chimera 
of  perpetual  motion,  and  that  a  machine  can  no  more  create 
work  than  it  can  create  matter.  Nevertheless  a  champion  of 
perpetual  motion  might  assent  to  all  this  without  absolutely 
giving  up  his  cause. 

"  I  acknowledge,"  he  might  say,  "  that  perpetual  motion 
in  one  sense  of  the  word,  is  quite  impossible,  for  no  machine 
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can  create  energy,  but  yet  I  do  not  see  that  a  machine  might 
not  be  constructed  that  would  produce  work  for  ever.  Allow- 
ing that  heat  is  a  species  of  molecular  motion,  and  lience 
that  all  substances  are  full  of  a  kind  of  invisible  energy,  may 
we  not  suppose  a  machine  to  exist  which  converts  this  tniole- 
cular  motion  into  ordinary  work,  drawing  first  of  all  the  heat 
from  the  walls,  then  from  the  adjacent  air ;  cooling  down,  in 
fact,  the  surrounding  universe,  and  transforming  the  energy 
of  heat  so  abstracted  into  subs.tantial  work  ?  There  is  no 
doubt  that  work  can  be  convert^  into  heat — as,  for  instance 
by  the  blow  of  a  hammer  on  an  anvil — why,  therefore,  cannot 
this  heat  be  converted  back  again  into  work  ? " 

We  reply  to  such  a  one  by  quoting  the  laws  discovered 
by  Camot,  Thomson,  Clausius,  and  Rankiixe,  who  have,  all 
from  different  points  of  view  been  led  to  the  same  conclusion, 
fatal  to  all  hopes  of  perpetual  motion.  We  may,  they  tell  us, 
with  the  greatest  ease  convert  mechanical  work  into  heat,  but 
we  cannot  by  any  means  convert  all  the  energy  of  heat  back 
again  into  mechanical  work.  In  the  steam-engine  we  do 
what  can  be  done  in  this  way ;  but  it  is  a  small  proportion  of 
the  whole  energy  of  the  heat  that  is  there  converted  into 
work ;  for  a  large  portion  is  dissipated,  and  will  continue  to  be 
dissipated,  however  perfect  our  engine  may  become.  Let 
the  greatest  care  be  taken  in  the  construction  and  working  of 
a  steam-engine,  yet  we  shall  not  succeed  in  converting  one- 
fourth  of  the  whole  energy  of  the  heat  of  the  coals  into 
mechanical  effect. 

In  fact,  the  process  by  which  work  can  be  converted 
into  heat  is  not  a  completely  reversible  process,  and  Sir 
W.  Thomson  has  worked  out  the  consequences  of  this  fact  in 
his  theory  of  the  dissipation  of  energy. 

As  far  as  human  convenience  is  concerned,  the  different 
kinds  of  energy  do  not  stand  on  the  same  footing,  for  we  can 
make  great  use  of  a  head  of  water,  or  of  the  wind,  or  of 
mechanical  motion  of  any  kind,  but  we  can  make  no  use 
whatever  of  the  energy  represented  by  equally  diffused  heat. 
If  one  body  is  hotter  than  another,  as  the  boiler  of  a  steam- 
engine  is  hotter  than  its  condenser,  then  we  can  make  use 
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of  this  difference  of  temperature  to  convert  some  of  the  heat 
into  work;  but  if  two  substances  are  equally  hot,  even 
although  their  particles  contain  an  enormous  amount  of  mole- 
cular energy,  they  will  not  yield  us  a  single  unit  of  work. 
.  Energy  is  thus  of  different  ^i/a///^>j,  mechanical  energy 
being  the  best,  and  universal  heat  the  worst ;  in  fact,  this 
latter  description  of  energy  may  be  compared  to  the  waste 
heap  of  the  universe,  in  which  the  effete  forms  of  energy  are 
suffered  to  accumulate,  and  this  waste  heap  is  always  con- 
tinuing to  increase.  But  before  attempting  to  discuss  the 
probable  effect  of  this  process  of  deterioration  upon  the 
•present  system  of  things,  let  us  look  around  us  and  endeavour 
to  estimate  the  various  sources  of  energy  that  have  been 
placed  at  our  disposal. 

454.  SmuTGes  of  Bnergy. — To  begin  with  our  own  frames. 
We  all  of  us  possess  a  certain  amount  of  energy  in  our 
systems,  a  certain  capacity  for  doing  work.  By  an  effort 
of  his  muscles  the  blacksmith  imparts  a  formidable  velocity 
to  the  massive  hammer  which  he  wields  ; — ^now  what  is  con- 
sumed in  order  to  produce  this  ?  We  reply,  the  tissues  of 
his  body  are  consumed.  If  he  continues  working  for  a  long 
time,  he  will  wear  out  these  tissues  and  nature  will  call  for 
food  and  rest : — ^fbr  the  former  in  order  to  procure  the 
materials  out  of  which  new  and  energetic  tissues  may  be 
constructed ; — ^for  the  latter,  in  order  to  furnish  time  and 
leisure  for  repairing  the  waste.  Ultimately,  therefore,  the 
energy  of  the  man  is  derived  from  the  food  which  he  eats  ; 
and  if  he  works  much,  that  is  to  say,  spends  a  great  deal  of 
energy,  he  will  require  to  eat  more  than  if  he  hardly  works 
at  all.  Hence  it  is  well  understood  that  the  diet  of  a  man 
sentenced  to  imprisonment  with  hard  labour,  must  be  more 
generous  than  that  of  one  who  is  merely  imprisoned,  and  that 
the  allowance  of  food  to  a  soldier  in  time  of  war  must  be 
greater  than  in  time  of  peace. 

In  fact,  food  is  to  the  animal  what  fuel  is  to  the  engine, 
only  an  animal  is  a  much  more  economical  producer  of  work 
than  an  engine.  Rumford  justly  observed  that  we  shall  get 
more  work  out  of  a  ton  of  hay  if  we  give  it  as  food  to  a 
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horse,  than  if  we  bum  it  as  fuel  in  an  engine.  It  is  in  truth 
the  combustion  of  our  food  that  furnishes  our  frames  with 
energy,  and  there  is  no  food  capable  of  nourishing  our  bodies 
which,  if  well  dried,  is  not  also  capable  of  being  burned  in 
the  fire.  Having  thus  traced  the  energy  of  our  frames  to 
the  food  which  we  eat,  we  next  ask,  whence  does  food  derive 
its  energy  ?  If  we  are  vegetarians,  we  need  not  go  further 
back ;  but  if  we  have  eaten  animal  food,  and  have  trans- 
ferred part  of  the  energy  of  an  ox,  or  of  a  sheep  into  our 
own  systems,  we  may  ask,  whence  has  the  ox  or  the  sheep 
derived  its  energy  ?  The  reply  will  be,  undoubtedly,  from 
the  food  which  it  consumes,  this  food  being  a  vegetable. 
Ultimately,  then,  we  are  led  to  look  to  the  vegetable  king- 
dom as  the  source  of  that  great  energy  which  our  frames 
possess  in  common  with  those  of  the  inferior  animals,  and 
we  have  now  only  to  go  back  one  step  further  and  ask, 
whence  vegetables  derive  the  energy  which  they  possess  ? 

In  answering  this  question  let  us  endeavour  to  ascertain 
what  really  takes  place  in  the  leaves  of  vetetables.  A  leaf 
is,  in  fact,  a  laboratory,  in  which  the  active  agent  is  the  sun's 
rays.  A  certain  species  of  the  solar  ray  enters  this  laboratory 
and  immediately  commences  to  decompose  carbonic  acid 
into  its  constituents,  oxygen  and  carbon,  allowing  the  oxygen 
to  escape  into  the  air,  while  the  carbon  is,  in  some  shape, 
worked  up  and  assimilated.  Thus,  first  of  all,  we  have  a 
quantity  of  carbonic  acid  drawn  in  from  the  air ;  that  is  the 
raw  material.  Next,  we  have  the  source  of  energy,  the 
active  agent :  that  is,  light  Thirdly,  we  have  the  usefril 
product;  that  is,  the  assimilated  carbon.  Foiuthly,  we 
have  the  product  dismissed  into  the  air  again,  and  that  is 
oxygen. 

We  thus  perceive  that  the  action  which  takes  place  in 
a  leaf  is  the  very  reverse  of  that  which  takes  place  in  an 
ordinary  fire.  In  a  fire  we  bum  carbon,  and  make  it  unite 
with  oxygen  in  order  to  form  carbonic  acid,  and  in  so  doing 
we  change  the  energy  of  position  derived  from  the  separation 
of  two  substances  having  so  great  an  attraction  for  each 
other  as  pxygen  and  carbon,  into  the  energy  of  heat*    In  a 
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leaf,  on  the  other  hand,  these  two  strongly  attractive  sub- 
stances are  forced  asunder,  the  powerful  agent  which  accom- 
plishes this  being  the  sun's  rays,  so  that  it  is  the  energy  of 
these  rays  which  is  transformed  into  the  potential  energy  or 
eneigy  of  position,  represented  by  the  chemical  separation 
of  this  oxygen  and  carbon.  The  carbon,  or  rather  the  woody 
fibre  into  which  the  cairbon  enters,  is  thus  a  form  of  potential 
energy ;  and  when  made  to  combine  again  with  oxygen, 
either  by  direct  combustion  or  otherwise,  it  will  in  the 
process  give  out  a  great  deal  of  energy.  When  we  bum 
wood  in  our  fires  we  convert  this  energy  into  heat,  and  when 
we  eat  vegetables  we  assimilate  this  energy  into  our  systems 
where  it  ultimately  produces  both  heat  and  work.  We  are 
thus  enabled  to  trace  every  step  of  this  wonderful  process  : 
we  have,  first  of  all,  the  sun's  rays  building  up  vegetable 
food ;  in  the  next  place  we  have  the  ox  or  sheep  fed  by 
means  of  this  food;  and  lastly,  we  have  the  tissue  of 
the  ox  or  sheep  entering  into  and  sustaining  our  own 
frames. 

We  have  not,  however,  quite  done  yet  with  vegetable  fibre, 
for  that  part  of  it  which  does  not  enter  into  our  frames  may, 
notwithstanding,  serve  as  fuel  for  our  engines,  and  by  this 
means  be  converted  into  useful  work.  And  Nature,  as  if 
anticipating  the  wants  of  our  age,  has  provided  an  almost 
limitless  store  of  such  fuel  in  the  vast  deposits  of  coal,  by 
means  of  which  so  large  a  portion  of  the  useful -work  of  the 
world  is  done.  In  geological  ages  this  coal  was  the  fibre  of 
,  a  species  of  plant,  and  it  has  been  stored  up  as  if  for  the  very 
benefit  of  generations  like  the  present. 

But  there  are  other  products  of  the  sun's  rays  besides  food 
and  fuel.  The  miller  who  makes  use  of  water-power  or  of 
wind  power  to  grind  his  com,  the  navigator  who  spreads  his 
sail  to  catch  the  breeze,  are  both  indebted  to  our  luminary 
equally  with  the  man  who  eats  meat  or  who  drives  an  engine. 
For  it  is  owing  to  the  sun's  rays  that  water  is  carried  up  into 
the  atmosphere  to  be  again  precipitated  so  as  to  form  what 
is  called  a  head  of  water,  and  it  is  also  owing  to  the  sun's 
heat  that  winds  agitate  the  air.    With  the  trivial  exception 
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<»f  tidal  energy,  all  the  work  done  in  the  world  Is  due  to  the 
sun,  so  that  we  must  look  to  our  luminary  as  the  great  source 
of  all  our  energy. 

Intimately  linked  as  we  are  to  the  sun,  it  is  natural  to  ask 
the  question,  will  the  sun  last  for  ever  ?  or  will  it  also  die 
out? 

Now  there  is  no  apparent  reason  why  the  sun  should  form 
an  exception  to  the  fate  of  all  fires,  its  only  difference  being 
one  of  size  and  time.  It  is  larger  and  hotter,  and  will 
last  longer  than  an  ordinary  lamp,  but  it  is  neverthe- 
less a  lamp,  or,  to  speak  more  correctly,  a  very  large  hot 
body. 

In  fine,  the  principle  of  degradation  would  appear  to 
hold  throughout ;  and  if  we  regard  not  mere  matter  but 
useful  energy,  we  are  driven  to  contemplate  the  death  of  the 
universe. 

RecapitoUktion. — It  may  be  desirable,  before  concluding, 
to  recapitulate  the  various  transmutations  of  energy. 

A55.  Visible  Bnergy. — ^Visible  Bnersy  of  Motion  is 
transmuted  into  visible  potential  energy  when  a  stone  is 
projected  upwards  and  lodged  on  the  top  of  a  house 
(Art,iii  ),  and  it  is  transmuted  into  heat  when  friction  or 
percussion  stops  a  body  in  motion  (Art.  113). 

It  is  transmuted  into  electrical  separation  when  we  work 
the  electric  machine  (Art.  351),  and  into  electricity  in  motion 
when  a  revolving  conductor  is  brought  between  the  poles  of 
a  powerful  magnet  (Art.  411). 

VlBibl«  Potential  Energy  is  generally  converted  Into 
visible  energy  of  motion,  and  through  it  into  the  other  forms 
of  energy. 

.4-56.  Heat. — This  species  of  energy  is  converted  into 
visible  motion  in  the  heat  engine  (Art.  245).  It  is  converted 
into  radiant  energy  when  a  hot  body  radiates  (Art.  334).  It 
is  converted  into  electrical  separation  when  tourmalines  and 
other  gems  are  heated  (Art.  339).  It  is  converted  into 
electricity  in  motion  in  the  thermo-electric  pile  (Art.  393). 
Finally,  it  is  converted  into  chemical  separation  when  a  body 
's  decomposed  by  heat  (Art.  215). 
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AS7n  Radiant  Energy. — This  species  of  energy  is  con- 
verted into  heat  when  radiant  light  or  heat  is  absorbed  by  a 
body  (Art.  334),  and  it  is  converted  into  chemical  separation 
when  a  ray  of  sunlight  decomposes  chloride  of  silver  in 
photography,  or  carbonic  acid  in  the  leaves  of  plants 
(Art.  453). 

A58.  Electrical  Separation. — The  energy  of  electrical 
separation  is  transformed  into  visible  motion  when  two 
oppositely  electrified  bodies  approach  each  other  (Art.  359), 
and  it  is  transformed  into  the  energy  of  electricity  in  motion 
when  two  such  bodies  are  connected  together  by  means  of  a 
wire  (Art.  359). 

4.59.  Electricity  in  Motion. — This  form  of  energy  is  con- 
verted into  visible  motion  when  currents  act  on  one  another, 
as  in  Art.  408 ;  it  is  converted  into  absorbed  heat  when  a 
current  meets  with  resistance  (Art.  430) ;  and  into  chemical 
separation  when  a  current  decomposes  a  compound  body 
(Art.  436). 

4>60.  Chemical  Separation. — This  form  of  energy  is  trans-> 
muted  into  heat  when  a  substance  bums,  or  when  combustion 
takes  place  (Art.  450) ;  into  electrical  separation  when  two 
dissimilar  metals  are  brought  into  contact  (Art.  379) ;  and 
into  electricity  in  motion  in  the  voltaic  battery. 

These  form  some  of  the  chief  transmutations  of  the  various 
forms  of  energy  into  one  another,  but  it  ought  to  be  borne  in 
mind  that  the  classification  of  energy  into  various  forms  is 
simply  one  of  convenience,  and  represents  the  present  state 
of  our  knowledge  of  the  subject 
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A. 

Absorbed  heat,  iii 

Acoustics,  definition  of,  144 

Actinic  rays,  285 

Adhesion,  60 

Air,  buoyancy  of,  95  :  resistance  of, 
127 ;  veloaty  of  sound  in,  149  ; 
calmness  and  homogeneity  of,  fa- 
vourable to  the  propagation  of  sound, 
153;  the  intensity  of  soimd  depends 
upon  the  density  of  the,  153 

Air  pump,  the,  96 

Air  thermometer,  194 

Ampere's  hjrpothesis,  379 

Ampere's  laws,  375 

Amplitude,  143 

Analyzer,  313,  314 

Andrews,  229,  406,  407 

Angle,  the  critical,  263  ;  of  deviation, 
26s   . 

Annealing,  67 

Anti-trade  winds,  220 

Artesian  wells,  78 

Astatic  system  of  needles,  373 

Atmosphere,  the,  88 ;  weight  of,  89  ; 
resistance  of,  to  motion,  13 

Atmospheric  conditions  affecting  the 
audibility  of  sounds,  153 

Atmospheric  electricity,  342 

Atomic  forces,  38 

Atomic  heat  of  bodies,  225 

Atoms,  3 

Atwcod's  machine,  43 

B. 

Balance,  the,  57 
Balance,  induction,  402 
Balloon,  the,  96 


Barometer,  the,  90 

Batteries,  voltaic,  36X ;  Daniell's,  367 ; 
Grove's,  368 ;  Bunsen's,  369 ;  the 
bichromate,  369  ;  the  Leclanche,  369 ; 
secondary,  ^04 

Battery,  electric,  339 

Beats,  X70 

Bell,  Prof.  Graham,  400 

Bichromate  battery,  369 

Black,  226 

Body,  means .  of  knowing  whether  one 
hotter  or  colder  than  another,  296 

Boi^g-point,  204;  of  some  ot  the 
more  important  liquids,  204  ;  affected 
by  the  nature  of  the  liquid,  204 ;  by 
the  pressure,  204  ;  by  the  nature  of 
the  vessel,  206 ;  by  the  air  dissolved 
in  the  water,  206 ;  by  substances  in 
solution,  206 

Bolometer,  403 

Bomb-shell,  action  and  reaction  in  the 
explosion  of  a,  36 

Boyle's  law,  93 

Bramah's  press,  76 

Brittleness,  66 

Bunsen,  24B,  285 

Bunsen's  battery,  369 


Camera  obscura,  the,  270 

Cannon  firmly  fixed  to  the  earth,  r 

action  of,  when  fired,  35 
Capacity  or  volume,  8 
Capillarity,  as  affected  by  heat,  21  x 
Capillary  phenomena,  85 
Carbon,  the  spectrum  of,  284,  286 
Camot,  338 
Carr^,  233 
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Centigrade  scale,  179 

Charles,  192    ^ 

Chemical  affinity,  5,  60 ;  combination, 
the  quantity  of  heat  given  out  by, 
407:  separation,  1x3 

Chemical  energies,  1 1 1 

Chronometers,  compensation  balance 
for,  198 

Clausius,  238 

Coefficient :  of  friction,  62 ;  of  expan- 
sion^ 184 

Cohesion,  5,  60  ;  in  solids,  64 

Commutator,  384 

Condensation,  change  of  composition 
in,  2o8 

Condensation  and  rarefaction,  waves 
of,  142 

Condensers  of  electricity,  337 

Conduction,  211 ;  in  solids,  213 

Conductivity,  214  ;  of  crystals,  217  ;  of 
liquids  and  gases,  217 

Conductors  :  of  heat,  212 ;  of  electri- 
city, 318 

Conjugate  reflectors,  147 

Constant  batteries,  367 

Constant  force,  the  velocity  generated 
by  a,  is  proportional  to-  the  time 
during  which  the  force  has  acted, 
49 ;  under  the  influence  of  a,  the 
spaces  passed  _  over  vary  as  the 
squares  of  the  times,  ^9 

Convection,  213  ;  currents  in  the  sun, 
220 

Convex  mirrors,  259 

Coulomb,  326 

Critical  angle,  the,  263 

Crystallized  structure,  63 

Crystals,  conductivity  of,  217 

Cubical  compression,  resistance  to,  61 

Cubical  expansion,  185 ;  three  times  as 
great  as  linear  expansion,  185 

Cumming's  effect,  371 

Currents,  thermo-electric,  369 

Curved  mirrors,  reflection  from,  252 


Daniell's  battery,  367 

Dark  heat,  rays  of,  243,  283  ;  reflected 
by  metals,  in  a  manner  similar  to 
light-giving  rays,  283  ;  capable  of  re- 
fraction, 283  ;  capable  of  polariza- 
tion, 283  ;   absorption  of  gases  for, 


Dav^-^,  Sir  Humphry,  116,  216,  395 
Density,  pressure  of  liquids  propor- 
tional to,  79;  velocity  of  sound 
does  not  vary  with,  151  ;  standards 
of,  195  ;  of  gases  and  vapours,  150, 
209 ;  electric,  329 
Deviation,  angle  of,  265  ;  minimum, 
265 


Dew,  the  deposition  of,  299 

Diamagnetic  bodies,  346 

Diathermancv,  285 

Difierentiai  thermometers.  X83 

Difiusion  of  gas,  100;  law  of,  zox  ; 
experiments  on,  102 

Dbcnarge,  the  electric,  355 

Discharging  rod,  339 

Dispersion,  effect  of  heat  upon,  2x1 ; 
of  light,  275 

Dissipation  of  energy,  407 

Distillation,  202 

Double  refraction,  polarization  by,  3x4 

Ductility,  66 

Dulong,  225 

Dupre,  224 

Duration,  unit  of,  7 ;  the  velocity 
generated  in  (unit  of  duration), 
varies  as  the  force,  while  the  mass 
remains  the  same,  47 ;  the  velocity 
generated  in,  varies  inversely  as  the 
mass,  while  the  moving  force  remains 
the  .same,  47 

Duration  of  electric  spark,  341 


Earth,  the  motion  of  the,  in  its  orbit 
or  on  its  axis,  and  the  action  of 
forces  tending  to  produce  motion  at 
its  surface,  x6 ;  goes  to  meet  falling 
body.  35  I  generates  the  same  velo- 
city in  every  falling  body,  39  ;  the 
attractive  force  of,  acts  in  a  verti- 
cal direction,  4x:  the  force  of  at- 
traction of  the,  dependent  upon  the 
magnitude  of  the,  42 ;  force  of  the 
attraction  of,  at  the  moon,  43  ;  acts 
as  a  magnet,  352 

Ebullition,  201,  203 

Elastic  bodies,  impact  of,  128 

Elasticity,  68  ;  limit  of  perfect,  68  ; 
perfect,  128;  coefficients  of,  61 

Electric  battery,  339  ;  conductivity  of 
various  metals,  391;  density,  330, 
332  ;  discharge,  340 ;  light,  395,  404  ; 
telegraphs,  399 

Electric  current,  eflfect  of,  upon  a 
magnet,  37  x ;  the  intensity  of,  how 
determined,  396;  physiological  ef- 
fects of  the,  392 ;  thermal  effects  of 
the,  393;  chemical  effects  of  the, 
395;  miscellaneous  effects  of  the, 
399  . 

Electric  currents,  action  of,  on  one 
another,  375  ;  action  of  magnets  on, 
378 ;  continuous  rotation  of,  377  ; 
induction  of,  381 ;  source  of  the 
energy  of,  when  produced  in  a  coil 
by  a  magnet,  380 

Electric  spark,  duration  of  the,  341 
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Electrical  conductivity,  390 ;  energies, 
III 

Electrical  induction,  322 ;  machines, 
335«  336 

Electrical  law,  fundamental,  328 

Electrical  potential,  330 

Electrical  resistance,  386;  how  esti- 
mated, 387 

Electrical  separation,  112;  connection 
between,  and  the  other  forms  of 
enerjBfy,  343 

Electncxty,  atmospheric,  342 

Electricity  in  motion,  1x3 ;  conductors 
and  insulators  of,  317  ;  vitreous,  319 ; 
resinous,  319 ;  various  modes  of  de- 
veloping, 320;  instruments  for  de- 
tecting, 319,  332  ;  measurement  of, 
326,  333,  334 ;  condensers  of,  337 ; 
sundry  experiments,  342 

Electrified  bodies,  mutual  attractions 
and  repulsions  of,  3x9,  328 

Electro-chemical  equivalent,  398 

Electrolysis,  395 

Electrolyte,  395 

Electrolytic  action,  the  laws  of,  dis- 
covered by  Faraday,  398 

Electro-magnets,  379 

Electrometer,  the  divided  ring,  333; 
the  quadrant,  334 

Electro-motive  force,  365,  386;  between 
any  two  metals,  366 

Electro-negative  elements,  366 

Electrophorus,  324 

Electro-positive  elements,  366 

Electroscope,  the  gold  leaf,  332 

Electrostatic    standards,    331 ;    units, 

^329.331.332 

Electrotype  processes,  398 

Ellipse,  energy  of  a  body  moving  in 
an,  130 

Endosmose,  86 

Energy,  of  vibrations,  134  ;  definition 
of,  104,  X05 ;  relations  between,  and 
momentum,  106 ;  is  of  two  types, 
108  ;  varieties  of,  109  ;  visible,  ixx  ; 
invisible,  iii  ;  conservation  of,  X14; 
not  annihilated  when  a  stone  is 
thrown  vertically  upwards,  115  ;  not 
destroyed  by  impact,  115 ;  converted 
into  heat  by  impact,  116  ;  the  quan- 
tity of,  remains  always  the  same, 
1x8  ;  of  rotation,  X29  ;  of  a  body 
moving  in  an  ellipse,  130 ;  of  a  body 
falling  down  a  plane,  x^x  ;  of  a  pen- 
dulum, 132 ;  dissipation  of,  407 ; 
sources  o^  409 ;  the  various  trans- 
mutations  of,  412 

EoHpyle,  the,  37,  240 

Equilibrium,  stable,  55;  unstable,  55 

Kquipotential  surfaces,  X2i 

Ether,  compression  of,  73 

Evaporation,  201  ;  change  of  coir. peti- 
tion in,  2o8 


Exosmose,  86 

Expansion,  linear,  X83  ;  coefficient  of, 
X84 ;  cubical,  x8^ 

Expansion  of  l-quids,  X83,  X87  ;  appa- 
rent, 187 ;  real,  187 ;  of  mercury, 
189 ;  of  water,  190  ;  of  gases,  X92 ; 
applications  of  the  laws  of,  X94 

Eye,  the,  27X 


Fahrenheit,  scale  of,  179 

Falling  body,  velocity  of  a,  under 
gravity,  18  ;  space  passed  over  by, 
under  gravity,  x8 

Faraday,  233,  325,  346,  38X,  398 

Faure,  404 

Fibrous  and  laminated  structure,  63 

Fixed  points  of  a  thermometer,  deter- 
mination of,  X77 

Fizeau,  245,  300 

Flexure,  resistance  to,  60,  72 

Flotation,  8x 

Fluid,  solids  immersed  in  a,  81,  82 

Fluids,  equilibrium  of,  76 ;  the  hypo- 
thesis of  two  electrical,  320 

Fluorescence,  299 

Foci,  conjugate,  275 

Focus,  the  principal,  267,  268 

Forbes,  Principal,  283,  39X 

Force,  necessary  to  produce  or  destroy 
motion,  5  ;  various  kinds  of,  5  ;  unit 
of,  X  X  ;  the  action  of  a  single,  on  a 
moving  body,  15;  extension  of  the 
definiiion  of,  26 ;  lines  of,  x2o,  355  ; 
moment  of  a,  32;  resisting  linear 
extension,  68  ;  resisting  linear  com- 
pression, 69  :  resisting  torsion,  70 ; 
resisting  flexure,  72  ;  electro-motive, 
386 

Forces,  action  of  two  or  more,  upon  a 
moving  body,  25  ;  parallelogram  of, 
27 ;  parallel,  32 ;  the  method  of 
representing  by  straight  lines,  27 ; 
statically  considered,  30 ;  divided 
into  three  groups,  38  ;  molecular. 
38 ;  atomic,  38 ;  exhibited  in  liquid^, 

73 
Foucault  s  experiment,  133 
Franklin,  342 

Freezing  mixtures  and  apparatus,  231 
Fresnel,  313 
Friction,  resistance  of,  to  motion,  13, 

62 

G. 

Galileo,  59 
Galvani,  361 
(Jalvanic  circuit,  117 
Galvanometer,  372 ;  mirror,  374 ;  tan- 
eent,  374 

E  E  2 
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Gas,  the  difiusion  of,  loo :  the  absorp- 
tion of,  by  solids  and  liquids,  Z03 

Gaseous  state  of  matter,  ^ 

Gases,  forces  exhibited  in,  87;  velo- 
city of  sound  in  various,  150 ;  con- 
ductivity of,  217;  the  spectra  of, 
287  ;  specific  heat  of,  224 ;  compres- 
sion of,  23s 

Gases  and  vapours,  density  of,  150,  209 

Gassiot,  275 

Gay-Lussac,  210 

Gilbert,  Dr.,  317 

Girgenti,  the  cathedral  of,  148 

Graduation  of  thermometers,  178 

Graham,  100 

Gravitation,  5  ;  variation  of,  41  ;  the 
grand  law  of,  44 

Gravity,  value  of  acceleration  of,  10, 
41 ;  the  effect  of,  in  increasing  the 
velocity  of  a  falling  body,  18  ;  space 
passed  over  by  a  falling  body  under 
the  action  of,  18 :  oblique  motion 
under,  24 ;  terrestrial,  39  ;  the  force 
of,  measured  by  the  oscillation  of  a 
pendulum,  40 ;  the  force  of,  always 
proportional  to  the  mass,  41;  the 
directions  in  which  the  force  of, 
acts,  not  really  parallel  to  one 
another,  42  :  recapitulation  of  facts 
connected  with  the  action  of,  at  the 
earth's  surface,  52 ;  centre  of,  52 ; 
specific,  83 

Grotthuss,  hypothesis  of,  397.  398 

Grove's  battery,  368^ 

Gun,  recoil  in  the  firing  of  a,  34 

Guthrie,  Prof.,  218 


H. 

Hardness,  66  ;  scale  of,  67 

Heat,  a  motion  of  particles,  no  ;  la- 
tent, 111,226;  radiant,  X12  ;  me- 
chanical equivalent  of,  116  ;  bodies 
in  general  expand  through.  175  ; 
change  of  state,  and  other  eflfects  of, 
198  ;  effect  of,  upon  refraction,  211  ; 
upon  dispersion,  2x1  ;  upon  capil- 
larity, 211 ;  specific,  221  ;  twofold 
office  of,  as  a  species  of  molecular 
energy,  230  ;  conversion  of  mechani- 
cal energy  into,  234  ;  conversion  of, 
into  work,  236 ;  effect  of,  upon  mag- 
nets, 351 ;  mechanical  energy  con- 
verted into,  383 ;  electricity  in  motion 
converted  into,  393;  the  quantity  of, 
given  out  by  chemical  combination, 
406  ;  the  quantity  of.  developed  by 
the  mutual  action  of  metals,  407 

Heat  energies,  III 

Heat-engines,  proportion  of  heat  which 
may  be  utilized  in,  220  ;  history  of, 
240 


Hero  of  Alexandria,  37,  240 
Holtz  electrical  machine,  336 
Hope,  190 
Horse-power,  242 
Huggins,  297,  309 
Hughes,  D.  £.,  402 
Huyghens,  300 
Hydraulic  press,  Z19 


I. 


Impact,  energy  not  destroyed  by,  108  ; 

of  inelastic  bodies,  128 ;   of  elastic 

bodies,  xa8^ 
Indices,  relative,  263 
Induction,   electrical,  322  ;    magnetic, 

349  ;^  balance,  402 
Induction  of   electric  currents,    381  ; 

machines,  336,  383 
Inductive  capacity,  325 
Inelastic  bodies,  impact  of,  128 
Insulators,  317 
Interference,  305 
Iron,  permanent  and   temporary  pro- 

I>erties  and  forces  of,  38 
Isochronism,  59,  136 
Isotropic  defined,  6x 


Joule,  116,  234,  235,  236,  379 
Joule's  law,  395 

K. 

Kilogrammetre,  the  unit  of  work,  106 
Kinetic  energy,  108,  X09 
Kirchhoff,  297 


L. 

Lake,  freezing  of  a,  219 

Land-breeze,  221 

Langley,  S.  P.,  403 

Latent  heat,  221 ;  cf  liquids,  226  :  of 
vapours,  228 

Leclanche  battery,  369 

Length,  unit  of,  7  ;  standards  of,  194 

Lenses,  266 :  images  formed  by,  269 

Leslie,  Sir  John,  233,  283 

Leyden  jar,  the,  338 

Lifting-pump,  98 

Light,  radiant,  X12;  rays  of,  244  ;  un- 
dulatory  theory  of,  243,  244 ;  reflec- 
tion of,  250 ;  velocity  of,  245 ;  in- 
tensity of,  246 ;  refraction  of,  244, 
2M :  electric,  395 

Lighting,  electric,  404 

Linear  compression,  resistance  to,  6x  ; 
force  resisting,  69 
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Linear  expansion,  183 ;  of  some  of  the 
more  important  solids,  T84 

Linear  extension,  resistance  to,  6z  ; 
force  resisting,  68 

Linear  velocity,  126 

Liquefaction,  199 

Liquid  state  of  matter,  4 

Lic^uids,  forces  exhibited  in,  73  ;  cohe* 
sion  of,  very  small,  73 ;  offer  great 
resistance  to  forces  tending  to  com- 
press them  into  smaller  volume,  74  ; 
not  incompressible,  74 ;  pressure  of, 
proportional  to  their  density,  79 ; 
velocity  of  sound  in,  152;  laws  for 
the  expansion  of,  191 ;  conductivity 
of,  217, 2x8  ;  expansion  of,  187  ;  table 
of  thermal  resistance  of,  2x8 ;  specific 
heat  of,  223  ;  latent  heat  of,  226 

Lissajous,  17  x 

Lockyer,  297,  310 

Longitudinal  Vibrations,  x6x 

Luminosity,  intrinsic,  247 

M. 

Machine,  the  function  of  a,  118 

Magnet,  natural,  345  ;  properties  of  a, 
345  ;  poles  of  the,  346 ;  the  marked 
pole  of  the,  346  ;  the  effect  of  break- 
ing a,  349 ;  the  earth  acts  as  a,  352  ; 
effect  of  the  electric  current  upon 
a»  37 It  378  ;  moment  of,  35^ 

Magnetic  bodies,  346 ;  induction,  347  ; 
declination,  352  ;  inclination  or  dip, 
353 ;  measurements,  354,  356,  358 ; 
fundamental  law,  354  ;  field,  356 ; 
elements,  359 

Magnetism,  terrestrial,  353  ;  intensity 
of,  359 

Magneto-electrical  machines,  383 

Magnets,  action  of,  upon  each  other, 
346 ;  how  to  make,  350 ;  the  effect 
of  heat  upon,  351 ;  made  to  play  the 
part  of  currents,  378 

Malleability,  66 

Mass,  unit  of,  9  ;  how  estimated,  xi ; 
correctly  represented  by  weight,  xi, 
4x  ;  standards  of,  i 

Matter,  various  aggregations  of,  2 ', 
three  states  of,  4 

Matthiessen,  x88 

Mayer,  234 

Mechanical  energy,  conversion  of,  into 
temporary  currents,  and  into  heat, 
381 

Meltinfi[-points,  300 

Mercurial  thermometer,  X76 

Mercury,  compression  of,  74 ;  expan- 
sion of,  X89 

Metals,  the  electric  conductivity  of, 
391  ;  heat  developed  by  the  mutual 
action  of,  407 


Microphone.  402^ 

Microscope,  the  simple,  272 

Milky  way,  or  galaxy,  2 

Mirage,  the,  263 

Mirrors,  plane,  250 :  curved,  252  ; 
parabolic,  258  ;  convex,  259 

Molecular  forces,  ^S 

Molecular  separation,  xzi 

Molecule,  a,  3 

Moment  of  a  force,  32;  of  a  magnet, 

,357 

Momentum,  26  ;  relation  between,  and 
energy,  106 

Moon,  force  of  the  earth's  attraction 
at  the,  43 

Motion,  the  relative  character  of,  4  ; 
can  be  produced  or  destroved  only 
by  force,  5  ;  the  first  law  0^x2;  an 
extension  of  the  first  law  of,  X27  ; 
the  second  law  of,  14  ;  the  third  law 
of,  33 ;  method  of  stating  third  law 
of,  37  ;  energy  of,  or  kinetic  energy^ 
xo^,  xxo;  electricity  in,  1x3 

Motions,  oscillatory,  X3a 

Moving  bodies,  the  action  of  a  single 
force  on  a,  X5 ;  the  action  of  two  or 
more  forces  on  a,  25 

Musical  sound,  144 


Newton,  39,  40,  41,  273 
Newtonian  theory  of  light,  300 
Newton's  rings,  306 
Nodal  lines,  156;  points,  156 
Noise,  Z44 

O. 

Oblique  motion  under  gravity,  24 

Oersted,  371 

Ohm's  law,  385 

Opaque  substances,  244 

Optic  axis,  3x2,  315 

Optic  nerve,  the,  271 

Optics,  definition  of,  243 

Organ-pipes,  vibratory  motion  of  air 
in,  163 

Ozone,  the  production  of,  by  the  pas- 
sage of  electricity,  399 


Page,  224 

Papin,  240 

Parabolic  mirrors,  258;  reflection 
from,  259 

Parallel  forces,  32 

Parallelogram  of  forces,  30 ;  experi- 
mentally proved,  xo ;  as  a  proposition 
in  statics,  30 
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Pascal,  74 ;  his  eT^rlments,  91 

Pencil  of  rays,  divergent,  244;  par- 
allel, 244  ;  convergent,  244 

Pendulum,  the,  40  ;  the  bob  of  a,  40 : 
a  means  of  measuring  the  force  of 
gravity,  58  ;  energy  of  132 

Perpetual  motion,  X14,  407 

Person,  227 

Petit,  225 

Phase  of  a  vibrating  particle,  the,  143 

Phosphorescence,  299 

Photometer,  248 

Physics,  definition  of,  z 

Pierre,  191 

Plane,  energy  of  a  body  falling  down 

Plane  mirrors,  reflection  from,  250 

Plantd,  404 

Plates,  vibrations  of,  165 

Polarization,  3x0  ;  by  tourmaline,  3x1; 
by  reflection,  313 ;  by  double  refrac- 
tion, 3x4 

Polarizer,  3x2,  314 

Polarizine  angle,  3x3 

Poles  of  the  magnet,  346 

Pores,  physical,  3;  sensible  or  visible,  3 

Porosity,  3 

Position,  energy  of,  xo8 ;  molar  energy 
of,  13X 

Potential,  electrical,  330 

Pouillet,  224 

Pressure,  equality  of,  in  all  directions, 
74  ;  of  liquids  contained  in  vessels, 

Pressures,  28 

Prism,  dispersion  of  light  by  the,  273 

Prisms,  264 

Proof  plane,  330 

Pulleys,  a  system  of,  xi8 

Pupil,  the,  27X 

Pyro-electric  state,  321 


Radiant  energy,  connection  between, 
and  the  other  forms  of  energy,  315 

Radiant  light  and  heat,  X12 

Radiating  body,  alteration  of  wave- 
length by  motion  of,  308 

Radiation  and  absorption,  30X 

Radiators  and  absorbents,  good  and 
bad,  29X 

Rankine,  238 

Rays,  of  dark  heat,  243  ;  of  light,  243  ; 
pencil  of,  244  ;  dispersion  of,  275  ; 
surfaces  or  plates  do  not  behave  in 
the  same  manner  with  regard  to  dif- 
ferent kinds  of,  291  ;  bodies  when 
cold  absorb  the  same  kind  of,  that 
they  give  out  when  heated,  292 

Reflection,  244 ;  total  internal,  262 ; 
polarization  oy,  313 


Reflection  of  light  from  plane  mirrors, 

250 ;  from  cnirved  minors,  252  ;  from 

parabolic  mirrors,  258  ;  from  convex 

mirrors,  259 
Reflectors,  conjugate,  147 
Refraction,  244  ;  of  sound,  X48  ;  efiect 

of  heat  upon,  2x1 ;  of  light,   259 ; 

index  of,  261 
Regelation,  200 

Renault,  X89,  208,  209,  223,  224,  228 
Retina,  the,  27  x 
Rifle  ball,  the  energy  of  a,  X26 
Rods,    vibrations   of,     x6x  ;    time    of 

vibratory  motion  of,  x6x 
Rdmer,  245 
Roscoe,  285 
Rotation,  phenomena  of,  explained  by 

the  first  law  of  motion,  X3  ;  energy 

of,  129 
Ruhmkorfi^s  coil,  384 
Rumford,  xx6 


S. 

Safety-lamp,  216 

Satellites,  2 

Savart,  x66 

Sea-breeze,  220 

Seebeck,  278 

Self-registering  minimum  thermome- 
ters, X82 ;  maximum,  182 

Sight,  short,  271 ;  long,  272 

Solenoids,  378 

Solid  state  of  matter,  4 

Solid,  the  essential  character  of  a,  73 

Solidification,  200 

Solids  and  liquids,  table  of  the  specific 
gravities  of  some  of  the  most  import- 
ant, 8? 

Solids,  forces  exhibited  in,  39 ;  with- 
out structure,  62  ;  cohesion  in,  64  ; 
velocity  of  sound  in,  152  ;  expansion 
of,  X83 ;  remarks  on,  x8^ ;  specific 
heat  of,  223 ;  conduction  in,  2x3 

Sondhauss,  X49 

Sound,   reflection  of,   X46;   reflection 
of,    148 ;  velocity    of,    in  air,    149 ; 
mode  of  determining,  X67 ;  in  various 
^ases,  X50;  circumstances  affecting 
intensity  of,   152  ;    the  intensity  of 
the,   depends  upon  density  of   the 
air,  153  ;  the  propagation  of,  favoured 
by  the  calmness  and  homogeneity  of 
the  air,  153  ;  other  atmospheric  con- 
ditions, XS3 
Sound-waves,  nature  of,  X45 
Sounding  flames,  169 
Specific  gravity,  83 

Specific  neat,  221  ;  methods  of  mea- 
suring, 222 ;  of  solids,  223 ;  of 
liquids,  223;  of  gases,  324;  in- 
fluence cf  condition  en,  225 
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Specific  Inductive  capacity,  325 

Spectroscope,  the,  275 ;  use  of,  in  de- 
tenmning  the  substances  which  exist 
in  the  sun  and  stars,  297 

Spheroidal  state,  206 

Spirit  level,  77 

Steam-engine,  high  pressure,  237  ;  low 
pressure,  238 ;  cooling  necessary  to 
the  working  of,  238  ;  history  of  the, 
24a 

Stokes,  Professor,  299 

Straight  lines,  the  method  of  repre- 
senting forces  by,  27 

Strain  defined,  61 

Stress  defined,  6x 

Strings,  vibrations  of,  155 

Structure,  crystallized,  63;  fibrous 
and  laminated,  63  ;  solids  without,  64 

Sublimation,  207 

Substances,  2 ;  opaque,  244 ;  trans- 
parent, 244^ 

Sun,  convection  currents  in  the,  220  ; 
visible  spectrum  of  the,  286 ;  spec- 
trum of  the,  as  given  by  a  rock-salt 
prism,  286 ;  will  it  last  for  ever  ?  4x2 

Superficial  extent  or  surface,  unit 
of,  8 

Syphon,  99 

Syren,  167 

System,  a,  2 


Torricelli,  90 

Torricellian  vacuum,  91 

Torsion,  resistance  to,  60 ;  force  resist- 
ing, 70 ;  experimental  proof  of  first 
law  of,  71 ;  balance,  326^ 

Tourmaline,  311 ;  polarization  by,  311 ; 

Trade  winds,  220 

Transparent  substances,  244 

Transverse  vibrations,  i6i 

Tuning-fork,  158,  167 

Tyndall,  Professor,  298 


U. 

Undulations,  135 

Undulatory  theory  of  light,  the,  300 ; 
easily  exnlains  the  leading  phe- 
nomena of  reflection  and  refraction, 
302 

Uniformly  retarded  motion,  the  laws 
of,  illustrated  by Atwood's machine, 
49 

Umt,  of  duration,  7 ;  of  length,  7  ; 
of  superficial  extent  or  surface,  8  ; 
of  capacity^  or  volume,  8  ;  of  mass, 
9  ;  of  velocity,  9  ;  of  force,  11 :  of 
electrical  resistance,  391;  of  E.M.F., 
391 ;  of  electrical  current,  392 

Units,  C.G.S.  system  of,  122 


Tait,  Professor,  391 

Tangent  galvanometer,  374 

Telephone,  400 

Telescope,  the,  272 

Temper,  67 

Temperature,  174 ;  measurement  of, 
by  thermometer,  175 ;  velocity  of 
sound  varies  with,  152;  the  varia- 
tion of  volume  with,  193 

Tempering,  67 

Tenacity,  64 

Terrestrial  gravity,  41 

Thermo-electric  currents,  369 

Thermometers,  measurement  of  tem- 
perature by,  17s;  mercurial,  176; 
determination  of  fixed  points  of,  177  ; 
graduation  of,  178  ;  corrections  to 
merciuial,  178  ;  self-registering  mini- 
mum, 180 ;  maximum,  183  ;  differen- 
tial, 183 ;  air,  193 

Thermo-pile,  the,  278 

Thin-plates,  colours  of,  306 

Thomson,  Sir.  William,  334,  364,  365, 
408 

Timbre,  144 

Time,  measurers  of,  196  ;  of  vibratory 
motion,  137 ;  in  strings,  156  ;  in  rods, 
transverse  and  longitudinal,  z6z  ;  of 
air  in  organ-pipes,  165 


V. 

Vacuo,  sound  not  propagated  in,  146 
Vacuum,  the  Torricellian,  90 
Vaporization,  201 
Vapour,  pressure  of  a,  in  contact  with 

its  own  liquids,  208 
Vapours,  88  ;  latent  heat  of,  226 
Velocity,  unit  of,  9;    under  gravity, 

z8  :   linear,  126 ;  of  light,  245 
Velocity   (of  sound)  in   liquids   and 

solids,  152  ;  varies  with  temperature, 

152  does  not  vary  with  density,  151 
Ventral  segment,  156 
Vessels,  pressure  of  liquids  contained 

in,  79 
Vibrating  particle,  the  phase  of  aj  143 
Vibration,   time    pf,    137;    in  strings, 

156 ;  in  rods,   161 ;  of  air  in  organ- 
pipes,  164 
Vibrations,  energy  of,  134  ;  of  strings, 

155  ;  of  rods,  161 ;   transverse,  161 ; 

longitudinal,    161 ;    of  plates,    165; 

the    communication    of,    165 ;     the 

determination   of  number  of,    166 ; 

graphical  representations  of,  171 
Virtual  image,  250 
Viscous  fluids,  73 
Visible  energy,  m;  varieties  of,  no; 

of  position,  131 
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Volta,  361 ;  his  pile,  362 ;  his  explana- 
tion of  the  effect  produced  by  the 
voltaic  battery,  363 

Voltaic  cell,  366;  batteries,  367,  368, 
369;  distribution  and  movement  of 
electricity  in,  385 

Volume,  the  variation  of,  with  tem- 
perature, 191,  192 

Voss  electrical  machine,  336 


W. 

Water,  compression  of,  74  ;  table  ex- 
hibiting the  volume  of,  at  various 
temperatures,  190  ;  remarks  on  latent 
heat  of,  229 ;  the  vapour  of,  229 ; 
expansion  of,  190 

Water-level,  77 

Watt,  James,  his  improvements  on 
Newcomen's  engine,  240 


Wave,  the  front  of  a,  30X 
Wave-length,  a,  140:   of  tuning-fork. 

171 
Wave-motion,  140 
Waves,   up  and  down,   140 ;   of  ccn- 

densation  and  rarefaction,  142 
Weber,  Dr.  H.  F.,  223,  226 
Weight,  a  correct  representation     ot 

mass,  IT,  40^ 
Wheatstone,  Sir  C,  341,  365 
Wimshurst  electrical  machine,  336 
Wind  instruments,  159 
Wind,  its  effect  on  the  audibility  cf 

sound,  153 
Winds,  trade,  220;  anti-trade,  220 
Work,  105  ;  unit  of,  105  ;  conversion  of 

heat  into,  236 


Young,  3x3 
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DEGENERATION  :   A  CHAPTER  IN  DARWINISM.     Illus- 
trated.    Crown  Svo.     2s.  6d.     {Nature  Series,) 
Lubbock. — Works  by  Sir  John  Lubbock,  M.P.,  F.R.S.,  D.C.L. 
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CLASSICS. 

ELEMENTARY    CLASSICS. 

t&no»  Eighteenpence  each. 

This  Series  falls  into  two  Classes — 

(i)  First  Reading  Books  for  Beginners,  provided  not 
only  with  Introductions  and  Notes,  but  with 
Vocabularies^  and  in  some  cases  with  Exercises 
based  upon  the  Text 

(2)  Stepping-stones  to  the  study  of  particular  authors, 
intended  for  more  advanced  students  who  are  beginning 
to  read  such  authors  as  Terence,  Plato,  the  Attic  Dramatists, 
and  the  harder  parts  of  Cicero,  Horace,  Virgil,  and 
Thucydides, 

These  are  provided  with  Introductions  and  Notes,  but 
no  Vocabulary.  The  Publishers  have  been  led  to  pro- 
vide the  more  strictly  Elementary  Books  with  Vocabularies 
by  the  representations  of  many  teachers,  who  hold  that  be- 
ginners do  not  understand  the  use  of  a  Dictionary,  and  of 
others  who,  in  the  case  of  middle-class  schools  where  the 
cost  of  books  is  a  serious  consideration,  advocate  the 
Vocabulary  system  on  grounds  of  economy.  It  is  hoped 
that  the  two  parts  of  the  Series,  fitting  into  one  another, 
may  together  fulfil  all  the  requirements  of  Elementary  and 
Preparatory  Schools,  and  the  Lower  Forms  of  Public 
Schools. 
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The  following  Elementary  Books,  with  Introductions, 
Notes,  and  Vocabularies,  and  in  some  cases  with 
Exercises,  are  either  ready  or  in  preparation; — 

Aeschylus.— PROMETHEUS  VINCTUS.    Edited  by  Rev.  H. 

M.  Stephenson,  M.A. 
Arrian.— SELECTIONS.  Edited  for  the  use  of  Schools,  with 
Introduction,  Notes,  Vocabulary,  and  Exercises,  by  John  Bond, 
M.A.,  and  A.  S.  Walpole,  M.A. 
Aulus  Gellius,  Stories  from.  Edited,  with  Notes  and 
Vocabulary,  by  Rev.  G.  H.  Nall,  M.A.,  Assistant  Master  in 
Westminster  School.  [In  the  Press. 

CflBSar.— THE  HELVETIAN  WAR.  Being  Selections  fix>m 
Book  I.  of  the  "  De  Bello  Gallico."  Adapted  for  the  use  of 
Beginners.  With  Notes,  Exercises,  and  Vocabulary,  by  W. 
Welch,  M.A.,  and  C.  G.  Duffield,  M.A. 
THE  INVASION  OF  BRITAIN.  Being  Selections  from  Books 
IV.  and  V.  of  the  *'  De  Bello  GaUica"  Adapted  for  the  use  of 
Beginners.  With  Notes,  Vocabulary,  and  Exercises,  by  W. 
Welch,  M.A.,  and  C.  G.  Duffield,  M.A. 
THE  GALLIC  WAR.    BOOK  I.     Edited  by  A.  S.  WAlpole, 

M.A. 
THE  GALLIC  WAR.     BOOKS  IL  and  IIL    Edited  by  the 
Rev.  W.  G.  Rutherford,  M.A.,  LL.D.,  Head-Master  of  West- 
minster School. 
THE  GALLIC  WAR.   BOOK  IV.    Edited  by  Clement  Bryans, 

M.A.,  Assistant-Master  at  Dnlwich  College. 
THE  GALLIC  WAR.     SCENES  FROM  BOOKS  V.  AWD  VL 
Edited  by   C.   Colbsck,  M.A.,  Assistant-Master  at  Harrow; 
formerly  Fellow  of  Trinity  College,  Cambridge. 
THE  GALLIC  WAR.     BOOKS  V.  and  VL  (separately).      By 

the  same  Editor.     Book  V.  ready.     Book  VI.  in  preparation, 
THE  GALLIC  WAR.      BOOK  VIL      Edited  by  John  Bond, 
M.A.,  and  A.  S.  Walpole,  M.A. 
Cicero.— DE  SENECTUTE.    Edited  by  E.  S.  Shuckburgh, 
M.  A.,  late  Fellow  of  Emmanuel  College,  Chmbridge. 
DE  AMICITIA.     By  the  same  Editor. 

STORIES  OF  ROMAN  HISTORY.  Adapted  for  l!he  Vse  of 
Beginners.  With  Notes,  Vocabulary,  and  Exercises,  by  the  Rev. 
G.  E.  Jeans,  M.A.,  Fellow  of  Hertford  College,  Oxford,  and 
A.  V.  JONES,  M.A. ;  Assistant-Masters  at  Haileybury  College. 
EUltropius. — Adapted  for  the  Use  of  Beginners.  With  Notes, 
Vocabulary,  and  Exercises,  by  William  Welch,  "M.A.,  and  C. 
G.  Duffield,  M.A.,  Assistant-Masters  at  Surrey  County  School, 
Cranleigh. 
Homer.— ILIAD.  BOOK  I.  Edited  Ijy  Rev.  John  Boni^  M.A., 
and  A.  S.  Walpole,  M.A. 
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Homer.— ILIAD,  bookxviil  the  armsofachilles. 

Edited  by  S.  R.  James,  M.A.,  Assistant-Master  at  Eton  College. 
ODYSSEY.    BOOK  I.    Edited  by  Rev.  John  Bond,  M.  A.    and 
A.  S.  Walpole,  M.A. 
Horace. — odes.  BOOKS!.— IV.    Edited  by  T.E.  Page,  M.  a., 
late  Fellow  of  St.  John's  College,  Cambridge ;  Assistant- Master 
at  the  Charterhouse.    Each  is.  6^. 

Latin  Accidence  and  Exercises  Arranged  for  Be- 
GINNERS.    By  William  Welch,  M.A.,  and  C.  G.  Duffield, 
M.A.,  Assistant  Masters  at  Surrey  County  School,  Cranleigh. 
Livy. — BOOK  I.     Edited   by  H.  M.  Stephenson,  M.A.,  late 
Head  Master  of  St.  Peter's  School,  York. 
THE  HANNIBALIAN   WAR.      Being  part  of  the  XXT.  AND 
XXII.  BOOKS  OF  LIVY,  adapted  for  the  use  of  beginners, 
by  G.   C.  Macaulay,  M.A.,  late  Fellow  of  Trinity   College, 
Cambridge. 
THE  SIEGE  OF  SYRACUSE.     Being  part  of  the  XXIV.  and 
XXV.  BOOKS  OF  LIVY,  adapted  for  the  use  of  beginners. 
With  Notes,  Vocabulary,  and  Exercises,  by  George  Richards, 
M.A.,  and  A.  S.  Walpole,  M.A. 
LEGENDS  OF  EARLY  ROME.     Adapted  for  the  use  of  begin- 
ners.    With  Notes,   Exercises,  and  Vocabulary,   by  Herbert 
Wilkinson,  M.A.  [In  preparation. 

Lucian. — EXTRACTS  FROM  LUCIAN.     Edited,  with  Notes, 
Exercises,  and  Vocabulary,  by  Rev.   John   Bond,    M.A.,   and 
A.  S.  Walpole,  M.A. 
NepOS.— SELECTIONS  ILLUSTRATIVE  OF  GREEK  AND 
ROMAN  HISTORY.      Edited  for  the   use  of  beginners  with 
Notes,  Vocabulary  and  Exercises,  by  G.  S.  Farnell,  M.A. 
Ovid. — SELECTIONS.     Edited  by  E.  S.  Shuckburgh,  M.A. 
late  Fellow  and  Assistant-Tutor  of  Emmanuel  College,  Cambridge. 
EASY  SELECTIONS  FROM  OVID  IN  ELEGIAC  VERSE. 
Arranged  for  the  use  of  Beginners  with  Notes,  Vocabulary,  and 
Exercises,  by  Herbert  Wilkinson,  M.A. 
STORIES  FROM  THE  METAMORPHOSES.     Edited  for  the 
Use  of  Schools.     With  Notes,  Exercises,  and  Vocabulary.    By 
J.  Bond,  M.A.,  and  A.  S.  Walpole,  M.A. 
PhaedruS. — SELECT  fables.     Adapted  for  the  Use  of  Be- 
ginners.     With  Notes,   Exercises,   and  Vocabidaries,  by  A.   S. 
Walpole,  M.A. 
ThucydideS.— THE  RISE  OF  THE  ATHENIAN  EMPIRE. 
BOOK    L     cc.    LXXXIX.  —  CXVIL     and    CXXVIIL  — 
CXXXVIII.  Edited  with  Notes,  Vocabulary  and  Exercises,  by  F. 
H.  CoLSON,  M.  A.,  Senior  Classical  Master  at  Bradford  Grammar 
School ;  Fellow  of  St  John's  College,  Cambridge. 
VirgiL— iENEID.    BOOK  I.    Edited  by  A.  S.  Walpole,  M.A. 
.  i1£NEID.     BOOK  IV.      Edited  by  Rev.  H.  M.   Stephenson^ 
M.A.  [In  the  press 
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VirgiL—iENEID.     BOOK  V.     XAttd  br  Rev.  A«  Caltvrt, 
Nf.  A.,  Ute  Fellow  of  St  John's  CoVitgft,  Canibndge. 
iENEID.    BOOK  VI.    Edited  bj  T.  E.  Page,  M.A, 
iENEID.     BOOK  IX.     Edited  by  Rev.   H.   M,   SxEPttaNSON, 

M.A. 
GEORGICS.    BOOK  L    Edited  by  C,  Bryans,  M.A. 

[In  fr^artUiotu 
SELECTIONS.    Edited  by  E.  S.  Shuckbubgb;  M.A. 

Xenophon.— ANABASI&      BOOK    L      Edited     by    A.     S. 

Walpole,  M.A. 
ANABASIS.    BOOK  I.  Chaps.  L— VIIL  for  the  use  of  Banners, 

with  Titles  to  the  Sections,  Notes,  Vocabulaty,  and  Exercises,  by 

E.  A.  Wells,  M.  A.,  Assistant  Master  in  Durham  School. 
ANABASIS.    BOOK  II.    Edited  by  A.  S.  WALPOtl,  M.A. 

[In  tke  press, 
ANABASIS.     BOOK  IV.    THE  RETREAT  OF  THE  TEN 

THOUSAND.     Edited  for  the  use  of  Beginners,  with  Notes, 

Vocabulary,  and  Exercises,  by  Rev.  £.  D.  Stoms,  M.A.,  fonnerly 

Assistant-Master  at  Eton. 

[Inpreparvtum, 
SELECTIONS    FROM    THE    CYROP^flSDIA.      Edited,  with 

Notes,  Vocabulary,  and  Exercises,  by  A.  H.  COOKX,  M.A.9  FdhSw 

and  Lecturer  of  King's  College,  Cambridge. 

The  following  more  advanced  Books,  with  Introductions 
and  Notes,  but  no  Vocabulary,  are  either  ready,  or  in 
preparation : — 

Cicero.— SELECT  letters.  Edited  by  Rev.  G.  E.  Jeans, 
M.A.,  Fellow  of  Hertford  Collegre,  Oxford,  and  Assistant-Master 
at  Haileybury  College. 

Euripides.— HECUBA.  E^ted  by  Rev.  John  Bondj  M.A. 
and  A.  S.  Walpolk,  M.A. 

Herodotus.— SELECTIONS  FROM  BOOKS  VILakd  VIIL, 
THE  EXPEDITION  OF  XERXES.  Edited  by  A.  H.  Cookk, 
M.A.,  Fellow  and  Lecturer  of  King's  College,  Cambridge. 

Horace.  —  selections   from   the   satires   and 

EPISTLES.    Edited  by  Rev.  W.  J.  V.  Baker,  M.  A.,  Fellow  of 
St.  John's  College,  Cambridge. 
SELECT  EPODES  AND  ARS  POETICA.    Edited  by  H.  A. 
Dalton,  M.  a.,  fonnerly  Senior  Student  of  Christchurch ;  Assistant- 
Master  in  Winchester  College. 

Plato.— EUTHYPHRO  AND  MENEXENUS.  Edited  by  C.  E. 
Gravks,  M.  a..  Classical  Lecturer  and  late  Fellow  of  St.  John's 
College,  Cambridge. 

Terence.— SCENES  from  the  ANDRIA.  Edited  by  F.  W, 
COKNISB,  M.  A.,  Assistant-Master  at  Eton  College. 
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The  Greek  Elegiac  Poets.—  from  callinus  to 

CALLIMACHUS.      Selected  and  Edited  by  Rev.   Herbert 

KynasTon,  D.D.,  Frincipia  of  Cbeltenham  College,  and  formerly 

Fellow  of  St  John's  College,  Cambridge. 
Thucydides.— BOOK  IV.  Chs.  L— XLL    THE  CAPTURE 

OF  SPHACTERIA.    Editw*  by  C.  E.  Graves,  M.A. 
VirgiL— GEORGICS.   BOOK  II.   Edited  by  Rev.  J.  H.  Skrine, 

M.  A.,  late  Fellow  of  Merton  College,  Oxford ;  Warden  of  Trinity 

College,  Glenalmond. 


CLASSICAL    SERIES 
FOR    COLLEGES    AND    SCHOOLS. 

Fcap.  8va 

Being  select  portions  of  Greek  and  Latin  authors,  edited 

with  Introductions  and  Notes,  for  the  use  of  Middle  and 

Upper  forms   of  Schools,  or   of  candidates  for    Public 

Examinations  at  the  Universities  and  elsewhera 

Attic  Orators.— Selections  from  ANTIPHON,  ANDOKIDES, 

LYSIAS,  ISOKRATES,  and    ISAEOS.     Edited  by  R.  C. 

JEBB,  M.A.,  LL.D.,  Litt.D.,  Professor  of  Greek  in  the  University 

of  Glasgow.  \New  Edition  in  the  press. 

^SChines.— IN   CTESIPHONTEM.      Edited    by    Rev.    T. 

GWATKIN,  M.A.,  late  Fellow  of  St.  John's  College,  Cambridge, 

\In  the^ess. 

^SChylus, — PERSiE.    Edited  by  A.   O.   Prickard,   M.A. 

Fellow  and  Tutor  of  New  College,  Oxford.     With  Map.     3^.  61/. 

SEVEN  AGAINST  THEBES.      Edited  by  A.   W.   Verrall, 

M.A.    School  Edition  prepared  by  Rev.  M.  A.  Bayfield,  M.A. 

\In  the  press, 

AndocideS.— DE  MYSTERIIS.  Edited  by  W.  J.  Hickie,  M.  A., 
formerly  Assistant-Master  in  Denstone  College.    2s,  6d, 

Caesar.— THE  gallic  war.  Edited,  after  Kraner,  by  Rev. 
John  Bond,  M.A.,  and  A.  S.  Walpole,  M.A.    With  Maps.  6s, 

Catullus, — SELECT  POEMS.  Edited  by  F.  P.  Simpson,  B.A., 
late  Scholar  of  Balliol  College,  Oxford.  New  and  Revised 
Edition.  $s.  The  Text  of  this  Edition  is  carefully  adapted  to 
School  use. 

Cicero. — ^THE  Catiline  orations.  From  the  German 
of  Karl  Halm.  Edited,  with  Additions,  by  A.  S.  Wilkins, 
M.A. ,  LL.D.,  Professor  of  Latin  at  the  Owens  College,  Manchester, 
Examiner  of  Classics  to  the  University  of  London.  New  Edition. 
3*.  6^. 
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Cicero.— PRO  lege  MANILIA,  Edited,  Biter  HMJi»  by  Plro- 
fessor  A.  S.  Wxlkins,  M.A.,  LL.D.    2s,  6d, 

THE  SECOND  PHILIPPIC  ORATION.  From  the  German 
of  Karl  Halm.  Edited,  with  Corrections  and  Additions, 
bj  John  E.  B.  Mayor,  Professor  of  Latin  in  the  University  of 
Cambridge,  and  Fellow  of  St  John's  College.  New  Edition, 
revised.     5^. 

PRO  ROSCIO  AMERINO.  Edited,  after  Halm,  by  E.  H.  Don- 
kin,  M.A.,  late  Scholar  of  Lincoln  College,  Osdbrd ;  Assistant- 
Master  at  Sherborne  School.    41.  6d» 

PRO  P.  SESTIO.  Edited  by  Rev.  H.  A.  Holdkn,  M.A.,  LL.D., 
late  Fellow  of  Trinity  College,  Cambridge;  and  late  Classical 
Examiner  to  the  University  of  London.     $s, 

Demosthenes.— DE  CORONA.    Edited  by  B.  Drake,  M.A., 

late  Fellow  of  King's  College,   Cambridge.      New  and  revised 

Edition.    4s.  6d, 
ADVERSUS  LEPTINEM.     Edited  by  Rev.  J.  R.  King,  M.A. 

Fellow  and  Tntor  of  Oriel  College,  Oxford.     4s,  6d, 
THE  FIRST  PHILIPPIC.    Edited,  after  C.  Rkhdantz,  bv  Rev. 

T.  GwATKiN,  M.  A.,  late  Fellow  of  St.  John's  Collie,  Cambridge. 

2s,  6d, 
IN  MIDIAM.     Edited   by   Prof.  A.    S.  Wilkins,    LL.D.,  and 

Herman  Hagbr,  Ph.D.,  of   the  Owois   College,  Manchester. 

[In  preparation, 

Euripides.— HIPPOLYTUS.  Edited  by  J.  P.  Mahaffy,  M.  A., 
Fellow  and  Professor  of  Ancient  History  in  Trinity  College,  Dub- 
lin, and  J.  B.  Bury,  Fellow  of  Trinity  College,  Dublin,  ^r.  6</. 

MEDEA.  Edited  by  A.  W.  Verrall,  M.A.,  Fellow  and 
Lecturer  of  Trinity  College,  Cambridge.    31.  6</. 

IPHIGENIA  IN  TAURIS.  Edited  by  E.  B.  England,  M.A., 
Lecturer  at  the  Owens  College,  Manchester,    41,  (kU 

Herodotus.— BOOKS  V.  and  VL  Edited  by  J.  Stbachan, 
M.A.,  Professor  of  Greek  in  the  Owens  Collie,   Manchester. 

[/»  preparation. 
BOOKS  VII.  AND  VIIL     Edited  by  Miss  A.  Ramsay. 

[/« the  press, 

Hesiod.— THE    WORKS    AND    DAYS.      Edited  by  W.    T. 

Lendrum,  Assistant  Master  in  Dulwich  Collie.  \In preparation. 

Homer.— ILIAD.     BOOKS  L,  IX.,  XL,  XVL— XXIV.    THE 

STORY  OF  ACHILLES.    Edited  by  the  late  J.  H.  Pratt, 

M.A.,  and  Walter  Leaf,  M.A.,  Fellows  of  Trinity  CoU^e, 

Cambridge.     6f» 

ODYSSEY.      BOOK  IX.    Edited  by  Prot  John  E.  B.  Mayor. 

2J.  ()d, 
ODYSSEY.      BOOKS  XXL— XXIV.      THE  TRIUMPH   OF 
ODYSSEUS.     Edited  by  S.  G.  IIamiltcn,  B.A.,   FeUow  of 
Hertford  College,  Oxford.    3^.  fiar. 
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Horace— THE  odes.    Edited  by  T,  E.  Page,  M,A..  fonnerly 
Fellow  of  St  John's  College,  Cambridge ;   Assistant-Master  at 
the  Charterhouse,   dr.   (BOOKS  L,  II.,  IIL,  and  IV.  separately, 
2J.  each.) 
THE  SATIRES.    Edited  by  Arthur  Palmer,  M.A.,  Fellow  of 
Trinity  Collie,  Dublin ;  I^ofessor  of  Latin  in  the  University  of 
Dublin.    6s. 
THE  EPISTLES  and  ARS    POETICA.     Edited   by   A    S. 
WiLKiNS,  M.A.,  LL.D.,  Professor  of  Latin  in  Owens  Collie, 
Manchester;     Examiner    in    Classics    to    the     University    of 
London,    dr. 
Isaeos.— THE  ORATIONS.    Edited  by  William  Ridgkway, 
M.A.,  Fellow  of  Caius  College,  Cambridge;    and  Professor  of 
Greek  in  the  University  of  Cork.  [In  preparation. 

JuvenaL     thirteen    satires.      Edited,   for  the    Use  of 
Schools,  by  E.  G.  Hardy,  M.A.,  late  Fellow  of  Jesus  CoUege, 
Oxford,    y. 
The  Text  of  this  Edition  is  carefully  adapted  to  School  use. 
SELECT  SATIRES.    Edited  by  Professor  John  E.  B.  Mayor. 
X.  AND  XL    3^.  6d.    XII.— XVI.     4r.  6d. 
Livy. — BOOKS  11.  AND  HI.  Edited  by  Rev.  H.  M.  Stephenson, 
M.A.    5r. 
BOOKS  XXL  AND  XXIL    Edited  by  the  Rev.  W.  W.  Capes, 

M.A.    Maps.    5x. 
BOOKS  XXIII.  AND  XXIV.  Edited  by  G.  C.  Macaulay,  M.A. 

With  Maps.  5r. 
THE  LAST  TWO  KINGS  OF  MACEDON.  EXTRACTS 
FROM  THE  FOURTH  AND  FIFTH  DECADES  OF 
LIVY.  Selected  and  Edited,  with  Introduction  and  Notes,  by 
F.  H.  Rawuns,  M.  a.,  Fellow  of  King's  Collie,  Cambridge;  and 
Assistant-Master  at  Eton.  With  Maps.  3J.  dSl 
THE  SUBJUGATION  OF  ITALY,  SELECTIONS  FROM 
THE  FIRST  DECADE.  Edited  by  G.  E.  Marindin,  M.A., 
formerly  Assistant  Master  at  Eton.  [In  preparation. 

Lucretius,     books  L— hi.     Edited  hsj.  H.  Warburton 
Lee,  M.A.,  late  Scholar  of  Corpus  Chxisti  College,  Oxford,  and 
Assistant-Master  at  Rossall.    41.  6d. 
Lysias. — ^select  orations.  Edited  by  E.  S.  Shuckburgh, 
M.A.,  late  Assistant-Master  at  Eton  College,  formerly  Fellow  and 
Assistant-Tutor  of  Emmanuel  College,  Cambridge.   New  Edition, 
revised.    6s. 
MartiaL  —  SELECT   epigrams.     Edited   by  Rev.  H.    M. 
Stephenson,  M.A.  New  Edition,  Revised  and  Enlarged.  6;.  6d» 
Ovid.— FASTI.    Edited  by  G.  H.  Hallam,  M.A.,  FeUow  of  St 
John's  CoUege,  Cambridge,  and  Assistant-Master  at   Harrow. 
With  Maps.     5J. 
HEROIDUM  EPISTULiE  XHL  Edited  by  E.  S.  Shuckburgh. 
M.A.    ^.6d. 
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Ovid. — ^METAMORPHOSES.    BOOKS  L— IIL    Edited  by  C. 

Simmons,  M.  A .  [In  preparation. 

METAMORPHOSES.    BOOKS  XIIL   and  XIV.    Edited  by 

C.  Simmons,  M.A.    4;.  6d. 

Plato.— MENO.    Edited  by  E.  S.  Thompson,  M.A.,  FeUow  o^ 

Cbrist^s  Collie,  Cambridge.  [In  preparatum. 

APOLOGY  AND  CRITO.      Edited  by  F.  J.   H.  Jenkinson, 

M.A.,  Fellow  of  Trinity  Coll^^,  Cambridge.        [In  preparation. 

LACHES.  Edited,  with  Introdaction  and  Notes,  by  M.  T.  Tatham, 

M.A.,   Balliol  Coll^^,   Oxford,   fonneriy  Assistant   Master   at 

Westminster  SchooL  [In  the  press, 

THE  REPUBLIC.    BOOKS  L— V.    Edited  by  T.  H.  Warren. 

M.A.,  President  of  Magdalen  Collie,  Oxford.  [In  the  press. 

PlautUS.— MILES  GLORIOSUS.    Edited  by  R.  Y.  Tyrrkix. 

M.  A.,  Fellow  of  Trinity  CoU^e,  and  Regius  Professor  cf  Greek  ia 

the  University  of  Dnblin.     Second  Edition  Revised.     5/. 

AMPHITRUO.    Edited  by  Arthur  Palmer,  M.A.,  Fellow  of 

Trinity  College  and  Regius  Professor  of  Latin  in  the  University 

of  Dublin.  [In  preparation. 

CAPTIVI.      Edited  by  A.  Rhts  Smith,  late  Jmiior  Student  of 

Christ  Church,  Oxford.  [In  preparatigh. 

Pliny.— LETTERS.  BOOK  IH.  Edited  by  Professor  John  E.  B. 

Mayor.    With  Life  of  Pliny  by  G.  H.  Rendall,  M.A.     Jj. 

LETTERS.     BOOKS  I.  and  If.      Edited  by  J.  CowAN,  B.A., 

Assistant-Master  m  the  Grammar  School,  Mandiester. 

[IH  preparation. 
Plutarch.— LIFE   OF   THEMISTOKLES.      Edited  by  Rev. 

H.  A.  HoLDEN,  M.A.,  LL.D.    5j. 
Polybius.— THE  HISTORY  OF  THE  ACHAEAN  LEAGUE 
AS  CONTAINED  IN  THE   REMAINS   OF   POLYBIUS, 
Edited  by  W.  W.  Capes,  M.A.    6j.  6^. 
Propertius. — select  poems.    Edited  by   Professor   J.    P. 
PosTGATE,  M.A.,  Fellow  of  Trinity  College,  Cambridge.    Second 
Edition,  revised.    6j. 
SalluSt.— CATILINA  AND  JUGURTHA.    Edited  by  C.  Meri- 
VALE,  D.D.,  Dean  of  Ely,    New  Edition,  carefully  revised  and 
enlarged,  41.  6^^.    Or  separately,  2j.  6rf.  each. 
BELLUM  CATULINAE.     Edited  by  A.  M.  CooK,  M.A.,  Assist- 

ant  Master  at  St.  Paul's  School.    41.  6</. 
JUGURTHA.     By  the  same  Editor.  [In  preparation. 

Sophocles. — ^ANTIGONE.    Edited  by  Rev.  John  Bond,  M.  A., 
and  A.  S.  Walpole,  M.A.  [In preparation. 

Tacitus. — AGRICOLA  AND   GERMANIA.     Edited  by  A.    J. 
Church,  M.A.,  and  W.  J.   Brodribb,   M.A.,  Translators  of 
Tacitus.    New  Edition,  3J.  6rf.     Or  separatelv,  2J.  each. 
THE  ANNALS.     BOOK  VI.     By  the  same  Editors.     2j.  6^. 
THE    HISTORIES.    BOOKS  L  and  II.     Edited  by  A.    D. 
GODLEY,  M.A.     5 J. 
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Tacitus.— THE  HISTORIES.    BOOKS  IIL—V.    SyAeaame 

Editor.  [/« preparation, 

THE  ANNALS.    BOOKS  L  AND  IL    Edited  by  J.  S.  Reid, 

M.L.,  LittD.  [In preparation, 

Terence.— HAUTON   TIMORUMENOS.      Edited  by  E.    S. 

Shuckburgh,  M.A.    3J.     With  Translation,  4?.  dd. 
PHORMIO.    Edited  by  Rev,  John  Bond,   M.A.,  and   A.  S 

Walpole,  M.A.    4j.  6flr. 
Thucydides.     BOOK  IV.    Edited  by  C.  E.  Graves.  M.A., 

Classical    Lecturer,   and    late    Fellow   of    St   John's    College, 

Cambridge.     5^. 
BOOKS  III.  AND  V.     By  the  same  Editor.      To  be  published 

separately.  \In  preparation,    {Book  V,  in  the  press,) 

BOOKS  L  AND  IL     Edited  by  C.  Bryans,  M.A.  \Tn  preparation. 
BOOKS  VL  AND  Vn.   THE  SICILIAN  EXPEDITION.   Edited 

by  the  Rev.  Percival  Frost,  M.A.,  late  Fellow  of  St.  John's 

College,  Cambridge.    New  Edition,  revised  and  enlarged,   with 

Map.    5j. 

TibuUus.— SELECT    POEMS.  ^.    Edited  by    Professor   J.  P. 
POSTGATE,  M.A.  *  \In  preparation, 

Virgil.— ^NEID.      BOOKS  IL  and  III.     THE  NARRATIVE 
OF  iENEAS.   Edited  by  E.  W.  HowsoN,  M.A.,  Fellow  of  King's 
College,  Cambridge,  and  Assistant-Master  at  Harrow.     31. 
Xenophon. — HELLENICA,    books  L  and  IL     Edited  by 
H.  Hailstone,  B.  A.,  late  Scholar  of.Peterhoute^  Cambridge. 
With  Map.     4f.  (id, 
CYROP^DIA.    books  VII.  and  VIIL  Edited  by  Alfred 
Goodwin,   M.A.,   Professor  of  Greek   in   University  College, 
London.    5^. 
MEMORABILIA  SOCRATIS.    Edited  by  A.  R.  CLUKr,  B.A., 

Balliol  College,  Oxford.     6j. 
THE  ANABASIS.    BOOKS  L— IV.  Edited  by  Professors  W.  W. 
Goodwin  and  J.  W.  White.    Adapted  to  Goodwin's  Greek 
Grammar.     With  a  Map.     51. 
HIERO.     Edited  by  Rev.  H.  A.  Holden,  M.  A.,  LL.D.    3*.  hd. 
OECONOMICUS.     Bjr  the    same    Editor.     With  Introduction, 
Explanatory  Notes,  Critical  Appendix,  and  Lexicon,    6j. 
*«*  Other  Volumes  will  follow. 
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for  the  use  of  Advanced  Student&    (a)  Commentaries 
and  Translations. 

-ffischylus.— THE  EUMENIDES.  The  Greek  Tert,  with 
Introduction,  English  Notes,  and  Verse  Translation.  By  Bernard 
DrakIi  M.A.y  late  FeUow  of  King's  College,  Cambridge. 
8vo.    5J. 
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Aschylus.— AGAMEMNON.      Edited*  with  Litrodaction  and 
Notes,  by  A.  W.  Verrall,  M.A.     8vo.  [In  preparation, 

AGAMEMNON,  CHOEPHORCE,  AND  EUMENIDES. 
Edited,  with  Introduction  and  Notes,  by  A.  O.  PRICKA&D,  M.A., 
Fellow  and  Tutor  of  New  College,  Oxford.    8vo. 

[In  preparation, 

AGAMEMNO.  Emendavit  David  S.  Margoliouth,  ColL  Nov. 
Oxon.  Soc.     Demy  8vo.     2s,  6d. 

THE  "  SEVEN  AGAINST  THEBES."  Edited,  with  Introduc- 
tion, Commentary,  and  Translation,  by  A.  W.  Verrall,  M.  A., 
Fellow  of  Trinity  College,  Cambridge.     Svo.     7j.  6d, 

SUPPLICES,  Edited,  with  Introduction  and  Notes,  by  T.  G. 
Tucker,  M.A.,  Professor  of  Classics  in  the  University  of 
Melbourne.     8va  [In  preparation, 

Antoninus,   Marcus  Aurelius. — BOOK  IV.  of  the 

MEDITATIONS.      The  Text  Revised,   with  Translation   and 

Notes,  by  Hastings   Crosslky,  M.A.,  Professor  of  Greek  in 

Queen's  College,  Belfast.     8vo.    6j. 
Aristotle.— THE  METAPHYSICS.     BOOK  I.     Translated  by 

a  Cambridge  Graduate.     8vo.     5^.  [Book  II,  in  preparation, 

THE  POLITICS.    Edited,  after  Susemihl,  by  R.  D.  Hicks, 

M.A.,Fellowof  Trinity  College,  Cambridge.     8vo. 

[/«  tJu  press, 
THE  POLITICS.    Translated  by  Rev.  J.  E.  C.  Welldon,  M.  A., 

Fellow    of  Kmg's   College,    Cambridge,    and  Head-Master  of 

Harrow  School.     Crown  8vo.     \cs,  6d, 
THE   RHETORIC.      Translated,  with  an  Analysis  and  Critical 

Notes,  by  the  same.     Crown  8vo.     71.  6d, 
THE  ETHICS.     Translated,  with  an  Analysis  and  Critical  Notes, 

by  the  same.     Crown  8va  [In  preparation, 

AN   INTRODUCTION    TO     ARISTOTLE'S     RHETORIC 

With  Analysis,  Notes,  and  Appendices.     By  E.  M.  Cope,  Fellow 

and  Tutor  of  Trinity  College,  Cambridge.     8vo.     14J. 
THE  SOPHISTICI  ELENCHI.     JWith  Translation  and   Notes 

by  E.  PosTE,  M.A.,  Fellow  of  Oriel  College,  Oxford.  8vo.  %s,  6d, 
Aristophanes, — ^THE  birds.     Translated  into  English  Verse, 

with  Introduction,  Notes,  and  Appendices,  by  B.  H.  Kennedy, 

D.D.,  Regius  Professor  of  Greek  in  the  University  of  Cambridge. 

Crown  8vo.      dr.      Help  Notes  to  the  same,   for   the  use  of 

Students,  is,  6d, 
Attic    Orators.— FROM    ANTIPHON    TO    ISAEOS.      By 

R.  C.  Jebb,  M.A.,  LL.D.,  Professor  of  Greek  in  the  University 

of  Glasgow.    2  vols.    8vo.     251. 
BabriuS. — ^Edited,  with  Introductory  Dissertations,  Critical  Notes, 

Commentary  and  Lexicon.    By  Rev.  W.  Gunion  Rutherford, 

M.A.,  LL.D., Head-Master  of  Westminster  SchooL  8vo.    I2x.  6^. 
Cicero.— THE  ACADEMICA.    The  Text  revised  and  explained 

by  J.  S.  Reid,  M.L.,  LittD.,  Fellow  of  Caiui  College,  Cam- 

bridjg^e.    8vo.    151. 
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Cicero.— THE  academics.  Translated  hy  J.  S.  Reid,  M.L. 
Sva  5j.  6d. 
SELECT  LETTERS.  After  the  Edition  df  Albert  Watson, 
M.A.  Translated  by  G.  E.  JffllNS,  M.A.,  Fellow  of  Hertford 
College,  Oxford,  and  late  Assistant-Master  at  Haileybury.  Second 
Edition.  Revised.  Crown  8vo.  lor.  6d, 
Ctesias.— THE  fragments  of  CTESIAS.  Edited,  with 
Introduction  and  Notes,  by  J.  E.  Gilmore,  M.A.  8vo.  (Classical 
Library.)  [/h  the  pres$. 

(See  also  Classical  Series,) 
Euripides.— MEDEA.  Edited,  wifh  Introduction  and  Notes,  by 
A.  W.  Verrall,  M.  a.,  Fellow  and  Lecturer  of  Trinity  College, 
Cambridge.  8vo.  *js,  6d, 
IPHIGENIA  in  AULIS.  Edited,  with  Introduction  and  Notes, 
by  E.  B.  England,  M.A.,  Lecturer  in  the  Owens  College, 
Manchester.     Svo.  [In  preparation, 

INTRODUCTION  TO  THE  STUDY  OF  EURIPIDES.  By 
Professor  J.  P.  Mahafpy.  Fcap.  &vo.  is,  6d.  {Classical  Writers 
Series,) 

'  (See  also  Classical  Series,) 
Herodotus.— BOOKS  I.— IIL  the  ancient  EMPIRES 
OF  THE  EAST.  Edited,  with  Notes,  Introductions,  and  Ap- 
pendices, by  A.  H.  Sayce,  Deputy-Professor  of  Comparative 
Philology,  Oxford;  Honorary  LL.D.,  Dublin.  Demy  Svo.  i6s, 
BOOKS  IV.— IX.  Edited  by  Reginald  W.  Macan,  M.A., 
Lecturer  in  Ancient  History  at  Brasenose  College,  Oxford.     8vo. 

\In  preparation. 
Homer. — the  ILIAD.     Edited,  with  Introduction  and  Notes, 
by  Walter  Leaf,  M.A.,  late  Fellow  of  Trinity  College,  Cam- 
bridge. Svo.  Vol  I.  BooksL— XIL  14^.  [Yol  11.  in  the  press, 
THE   ILIAD.     Translated   into  English  Prose.      By  Andrew 
Lang,  M. A.,  ITV^alter  Leaf,  M. A.,  and  Ernest  Myers,  M.A. 
Crown  8vo.     12s,  6d. 
THE  ODYSSEY.    Done  into  English  by  S.  H.  Butcher,  M.A., 
Professor  of  Greek  in  the  University  of  Edinburgh,  -and  Andrew 
Laing,  M.A.,  late  Fellow  of  Merton  Collie,  Oadbrd.     Seventh 
and  Cheaper  Edition,  revised  and  corrected.    Crown  Svo.    41.  6d, 
INTRODUCTION  TO  THE  STUDY  OF  HOMER.      By  the 
Right 'Hon.  W.  E.  Gl'ADstone,  M.P.     rSmo.     is.    {Literature 
Primers.) 
HOMERIC      DICTIONARY.       ^or     Use     m    Schools     and 
Colleges.    Tran^ted  from  the  German  of  Dr.  G.  Autenrieth, 
with  Additions  ^md  Corrections,  by  R.  P.  Keep,  Ph.D,    With 
numerous  Illustrations.    Crown  Svo.     dr. 

(See  also  Classical  SeriesS) 

Horace.— THE  works  of  horace  rendered  into 

ENGLISH  PROSE.  With  Introdttctions,  Running  Analysis, 
Notes,  &c.  By  J.  Lonsdale,  M.A.,  and  S.  Lee,  M»A.  {GhU 
Edition.)    3/.  6d. 
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Horace.— STUDIES,  literary  and  historical,  TV 

THE  ODES  OF  HORACE.     By  A.  W.  Verrall,  FeUow  of 
Trinity  Coll^;^  Cambridge.    Demy  Svo.    8j.  (Sdl 
(See  also  Classical Saiis.) 

Juvenal.— THIRTEEN  SATIRES  OF  JUVENAL.  With  a 
Commentary.  By  John  E.  B.  Mayor,  M.A.,  Professor  of  Latin 
In  the  Univernty  of  Cambridge.    Crown  Svo. 

%*  Vol.  I.  Fourth  Edition,  Revised  and  Enlarged,  los,  6tL 
VdL  IL     Second  Edition.     lOf.  6d» 

*«*  The  new  matter  consists  of  an  Introduction  (pp.  I — 53),  Addi- 
tional Notes  (pp.  333 — ^466)  and  Index  (pp.  467 — 526).  It  is  also 
issued  separately,  as  a  Supplement  to  the  previous  edition,  at  5/. 

THIRTEEN  SATIRES.  Translated  mto  English  after  the  Text 
of  J.  E.  B.  Mayor  by  Alexander  Lbeprr,  M.A.,  Warden 
of  Trinity  College,  in  the  University  of  Melbourne.    Crown  Svo. 

(See  also  ClassUal  Seriis,) 

Livy. — ^BOOKS  L— IV.  Translated  by  Rev.  H.  M.  Stkphjskson, 
M.A.,  late  Head-Master  of  St  Peter's  School,  York. 

[In  prf^araiion, 
BOOKS  XXL— XXV.  Translated  by  Alfred  John  Church, 
M.A.,  of  Lincoln  College,  Oxford,  Professor  of  LAtin,  University 
College,  London,  and  WxLUAM  Jackson  Brodrjbb,  M. A.,  late 
Fellow  of  St  John's  College,  Cambridge.  Cr.  8vo.  yj.  6d. 
INTRODUCTION  TO  THE  STUDY  OF  LIVY.  By  Rev. 
W.  W.  Capes,  Reader  in  Ancient  History  at  Oxford.  Fcap.  8va 
is,  6d,    (Classical  Writers  Series,) 

(See  also  Classical  Series,) 

Martial.— BOOKS  I.  and  IL  OF  THE  EPIGRAMS.  Edited, 
with  Introduction  and  Notes,  by  Professor  J.  E.  B.  Mayor,  M.  A. 
8vo.  [/^  the^ess, 

(See  also  Classical  Serin,) 

Pausanias.— DESCRIPTION  of  Greece.  Translated  by 
J.  G.  Frazsr,  M.A.,  FeUow  of  Trin]|;y  College,  Cambridge. 

[In  Separatum, 

Phrynichua— THE  new  PHRYNICHUS  i  beUg  a  Revised 
Text  of  the  Edoga  of  the  Grammarian  Phrynichus.  With  Intro- 
duction and  Commentary  by  Rev.  W.  GuNiON  Rutherford, 
M.A.,  LL.D.,  Head-Master  of  Westminster  SchooL    Svo.    i%s, 

Pindar. — ^THE  extant  odes  of  PINDAR.  Translated 
into  Fng^^**^!  with  an  Introduction  and  short  Notes,  by  Ernest 
MyersTm.  A.,  late  FeUow  of  Wadham  College,  Oxford.  Second 
Edition.  Crown  Svo.  $1. 
THE  OLYMPIAN  AND  PYTHIAN  ODES.  Edited,  with  an 
Introductory  £ssay,^Note8,  and  Indexes,  by  Basil  Gildbrslrevb, 
Professor  of  Greek  ia  Uie  Johns  Hoplcins  Universityi  Baltittiore. 
Ciown  Svo.    1s.6d. 
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Plato. — PHiEDO.    Edited,  with  Introduction,  Notes,  aad  Appen- 
dices, by  R.  D.  Akcher-Hind,  M.A.,  FcUow  of  Trinity  College. 
Cambridge.     8yo.     &r.  6d, 
TIMAEUS.— Edited,  with  Introduction,  Notes,  and  a  Translation, 

by  the  same  Editor.     8vo.     I  dr. 
PHiEDO.   Edited,  with  Introduction  and  Notes,  by  W.  D.  Geddes, 
LL.  D. ,  Prmcipal  of  the  University  of  Aberdeen.    Second  Edition. 
Demy  8vo.    Ss.  6d, 
PHILEBUS.     Edited,  with  Introduction  and  Notes,  by  Hknry 
Jackson,  M.A.,  Fellow  of  Trinity  College,  Cambridge.    8vo. 

4 In  prepay aticiu 
THE    REPUBLIC— Edited,    with   Introduction  tind   Notes,   by 
H.    C.   GooDHART,   M.A.,  Fellow   of  Trinity  College,  Cam- 
bridge.   8yo.  [In  preparation, 
THE  REPUBLIC  OF  PLATO.     Translated  into  English,  with  an 
Analysis  and  Notes,  by  J.  Ll.  Dayies,  M.A.,  and  D.  J.  VaughAN, 
M.A.     iSmo.    4x.  (id, 
EUTHYPHRO,  APOLOGY,  CRITO,  AND  PHiEDO.    Trans- 
lated by  F.  J.  Church.     i8mo.    4^.  6^. 
PHiEDRUS,    LYSIS,   AND  PROTAGORAS.      Translated  by 
Rev.  J.  Wright,  M.A.                           [New  edition  in  the  press. 
(See  also  Classical  Series,) 
PlautUS. — ^THE  MOSTELLARIA  OF  PLAUTUS.  With  Notes, 
Prolegomena,  and    Excursus.      By  William  Ramsay,  M.A., 
formerly  Professor  of  Humanity  in  the  University  of  Glasgow. 
Edited  by  Professor  George  G.  Ramsay,  M.A.,  of  the  University 
of  Glasgow.    8vo.     141. 

(See  also  Classical  Series,) 

Pliny.— LETTERS  TO  TRAJAN.      Edited,  with  Introductory 

Essays  and  Notes,  by  £.  G.  Hardy,  M.A.,  late  Fellow  of  Jesus 

Collie,  Oxford.    8vo,  [In  the  press. 

PolybiuS.— THE  HISTORIES.     Translated,  with  Introduction 

and  Notes,  by  E.  S.  Shuckburgh,  M.A.    2  vols.     Crown  8vo. 

[In  the  press. 
Sallust.— CATILINE    AND    JUGURTHA.      Translated,  with 
Introdtictory  Essays,  by  A.  W.  Pollard,  B.A.    Crown  Svo.    6s. 
THE  CATILINE  (separately).    Crown  Svo.     3*. 
(See  also  Classical  Series,) 
Sophocles. — CEDIPUS   THE   KING.      Translated   from   the 
Greek  of  Sophocles  into  English  Verse  by  E.  D.  A.  Morshead, 
M.A.,  late  Fellow  of  New  College,  Oxford  j  Assistant  Master  at 
Winchester  College.     Fcap.  8vo.     3^.  td, 
Studia  Scenica. — Part  I.,  Section  I.    Introductory  Study  on 
the  Text  of  the  Greek  Dramas.     The  Text  of  SOPHOCLES' 
TRACHINIAE,   1-300.    By  David  S.  Margoliouth,  Fellow 
of  New  College,  Oxford.    Demy  8vo.     2s,  6d. 
Tacitus. — ^THE   ANNALS.     Edited,    with    Introductions  and 
Notes;  by  G.  O.  Holbrooke,  M.  A.,  Professor  of  Latin  in  Trmity 
CoUcge^  Hartford,  U.S.A.    With  Maps.    Svo.    l6r. 
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Tacitus.— THE  ANNALS.  Tnmslated  by  A.  J.  Church,  M.  A., 
and  W.  J.  Brodubb,  M.A.  Wifli  Notes  and  Maps.  New 
Edition.    Crown  8vo.    Js.  6d, 

THE  HISTORIES.  Edited,  with  Introduction  and  Notes,  bj 
Rev.  W.  A.  Spoonkr,  M.A,,  Fellow  of  N^w  Coll^e^  and 
H.  M.  SPOONKRy  M.A.,  formerly  Fellow  of  Magdalen  College, 
Oxford.    Svo.  [In  prt^ration, 

THE  HISTORY.  Translated  by  A.  J.  Church,  M.A.,  and 
W.  J.  Brodribb,  M.A.  With  Notes  and  a  Biap.  Crown  Svc 
6r. 

THE  AGRICOLA  AND  GERMANY,  WITH  THE  DIALOGUE 
ON  ORATORY.  Translated  by  A.  J.  Church,  M.A.,  and 
W.  J.  Brodribb,  M.A.  With  Notes  and  Maps.  New  and 
Revised  Edition.     Crown  8vo.    4/.  6d, 

INTRODUCTION  TO  THE  STUDY  OF  TACITUS.  By 
A.  T.  Church,  M.A.  and  W.  J.  Brodribb,  M.A.  Fcap.  Sva 
IS,  &/.    {Classical  Wriicrs  Series.) 

Theocritus,  Bion,  and  Moschus.  Rendered  into  English 
Prose,  with  Introductory  Essay,  by  A.  Lang,  M.A.   Crown  8yo.  6f. 

Virgil.— THE  WORKS  OF  VIRGIL  RENDERED  INTO 
ENGLISH  PROSE,  with  Notes,  Introductions,  Running  Analysis, 
and  an  Index,  by  James  Lonsdale,  M.A.,  and  Sahusl  Lee, 
M.A.  New  Edition.  Globe  8yo.  3J.  6d. 
THE  iENEID.  Translated  by  J.  W.  Mackail,  M.A.,  Fdlaw  of 
Balliol  College,  Oxford.     Crown  8vo.     7J.  6d. 

Xcnophon.— COMPLETE  WORKS.  Translated,  with  Introduc- 
tion and  Essays,  by  H.  G  Dakyns,  M.A.,  Assistant-Master  in 
Clifton  College.    Fonr  Volumes.     Crown  8vo.  [In  the  press. 
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Belcher.— SHORT  exercises  in  latin  prose  com- 
position AND  examination  PAPERS  IN  LATIN 
GRAMMAR,  to  which  is  prefixed  a  Chapter  on  Analysis  of 
Sentences.  By  the  Rev.  H.  Belcher,  M.A.,  Rector  of  the  High 
School,  Dunedin,  N.Z.     New  Edition.     i8mo.     is.  ^. 

KEY  TO  THE  ABOVE  (for  Teachers  only),    y.  6d. 

SHORT  EXERCISES  IN  LATIN  PROSE  COMPOSITION. 
Part  II.,  On  the  Syntax  of  Sentences,  with  an  Appendix,  includ- 
ing EXERCISES  IN  LATIN  IDIOMS,  &c     limo.    ax. 

KEY  TO  THE  ABOVE  (for  Teachers  only),    y. 

Blackie. — greek  and  English  dialogues  for  use 

IN  SCHOOLS  and  COLLEGES.  By  John  Stoart  Blackix. 
Emeritns  Professor  of  Greek  in  the  University  -cf  Edinbnzgh. 
New  Edition.    Fcap.  8vo»    zs,  6d» 
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Bryans.— LATIN  prose  exercises  based  upon 

CAESAR'S  GALLIC  WAR.  With  a  Classification  of  Caesar's 
Chief  Phrases  and  Grammatical  Notes  on  Caesar's  Usages.  By 
Clement  Bryans,  M.  A.,  Assistant-Master  in  Dulwich  College. 
Second  Edition,  Revised  and  Enlai^ed.     Extra  fcap.  8vo.    2s,  6d, 

KEY  TO  THE  ABOVE  (for  Teachers  only).     3j.  6^. 

GREEK  PRO^^F  EXERCISES  based  upon  Thucydides.  By  the 
same  Author.    Extra  fcap.  8vo.  {in  preparation, 

Colson. — ^A  FIRST  GREEK  READER.  Stories  and  Legends 
from  Greek  Writers.  By  F.  H.  Colson,  M.A.,  Fellow  of  St. 
John's  College,  Cambridge,  and  Senior  Classical  Master  at  Bradford 
Grammar  School.    Globe  8vo.  [In  the  press. 

Eicke.— FIRST  LESSONS  IN  LATIN.  By  K.  M.  EiCKE,  B.  A., 
Assistant-Master  in  Oundle  School.    Globe  8vo.    2s. 

England.— EXERCISES  ON  latin  syntax  and  idiom. 

ARRANGED  WITH  REFERENCE  TO  ROBY'S  SCHOOL 
LATIN  GRAMMAR.  By  E.  B.  England,  M.A.,  Assistant 
Lecturer  at  the  Owens  College,  Manchester.  Crown  8vo.  2J.  6dn 
Key  for  Teachers  only,  2j.  td. 

Goodwin. — Works  by  W.  W.  GoODWiN,  LL.D.,  Professor  cf 
Greek  in  Harvard  University,  U.S.A. 
SYNTAX  OF  THE  MOODS  AND  TENSES  OF  THE  GREEK 

VERB.    New  Edition,  revised.    Crown  8vo.    6j.  6d, 
A  GREEK  GRAMMAR.    New  Edition,  revised.    Crown  8vo.    6f. 
**It  is  the  best  Greek   Grammar  of  its   sise  in  the   English   language. "-« 
Athbn^um. 

A  GREEK  GRAMMAR  FOR  SCHOOLS.    Crown  8vo.  3^.  6d. 

Greenwood.— THE  eiTements  of  greek  grammar, 

including  Accidence,  Irr^;ular  Verbs,  and  Principles  of  Deriva- 
tion and  Composition ;  adapted  to  the  System  of  Crude  Forms, 
By  J.  G.  Greenwood,  Principal  of  Owens  College,  Manchester. 
New  Edition.    Crown  8vo.    5^.  6d, 

Hadley  and  Allen.— a  greek  grammar  fou 
SCHOOLS  AND  COLLEGES.  By  James  Hadley,  la»/j 
Professor  in  Yale  College.  Revised  and  in  part  Rewritten  \i\t 
Frederic  de  Forest  Allen,  Professor  in  Harvard  College. 
Crown  8vo.    6s, 

Hardy.— A  latin  reader.  By  H.  J.  Hardy,  M.A.,  Assistar  t 
Master  in  Winchester  College.     Globe  8vo. 

[Inpreparaiioft, 

Hodgson.— MYTHOLOGY  FOR  LATIN  VERSIFICATION. 
A  brief  Sketch  of  the  Fables  of  the  Ancients,  prepared  to  1/6 
rendered  into  Latin  Verse  for  Schools.  By  F.  Hodgson,  B.D  , 
late  Provost  of  Eton,  New  Edition,  revised  by  F.  C.  Hodgson, 
M.A.    i8mo.    3x. 
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Jackson.— FIRST  steps  to  greek  prose  composi- 
tion. Bv  Blomfikld  Jackson,  M.A.,  Assistaat-Msister  in 
King's  College  School,  London.  New  Edition,  revised  and 
enlarged.     l8mo.     is,  6d, 

KEY  to  first  steps  (for  Teachers  only).     i8mo.    3j.  &/. 

SECOND  STEPS  TO  GREEK  PROSE  COMPOSITION,  with 
Miscellaneous  Idioms,  Aids  to  Aceeatuation,  and  Examination 
Papers  in  Greek  Scholarship.     iSmo.     2s.  6d, 

KEY  TO  SECOND  STEPS  (for  Teachers  only).     iSmo.    3/.  6d, 

Kynaston.— EXERCISES   in  the  composition   of 

GREEK  IAMBIC  VERSE  by  Translations  from  English  Dra- 
matists. By  Rev.  H.  Kynaston,  D.D.,  Principal  of  Cheltenham 
College.  With  Introduction,  Vocabulary,  &c.  New  Edition, 
revised  and  enlarged.     Extra  leap.  8vo.    5^. 

KEY  TO  THE  SAME  (for  Teachers  only).   Extra  fcap.  8vo.  4J.  ed. 

Lupton.— Works  by  J.  H.  Lupton,  M.  A.,  Snr-Master  of  St.  Paul's 

School,  and  formerly  Fellow  of  St.  John's  College^  Cambridge. 

AN    INTRODUCTION    TO    LATIN    ELEGIAC    VERSE 

COMPOSITION.     Globe  8vo.     2s,  6d, 

LATIN  RENDERING  OF  THE  EXERCISES  tN  PART  II. 
•     (XXV. -C).    Globe  8vo.     y,  td. 

AN  INTRODUCTION  TO  THE  COMPOSITION  OF  LATIN 
LYRICS .    Globe  8va  lln  preparation, 

Mackie.— PARALLEL  PASSAGES  FOR  TRANSLATION 
INTO  GREEK  AND  ENGLISH.  Carefully  graduated  for  the 
use  of  Colleges  and  Schools.  With  Indexes.  By  Rev.  Ellis  C. 
Mackie,  Classical  Master  at  Heversham  Grammar  School.  Globe 
8vo.    4^.  6d, 

Macmiilan.— FIRST  LATIN  GRAMMAR.  By  M.  C.  Mac- 
MILLAN,  M.A.,  late  Scholar  of  Christ's  College;,  Cambridge; 
sometime  Assistant-Master  in  $t*  Paul's  SdiooL  New  Edition, 
enlarged.    Fcap.  Svo.    is,  6d, 

Macmillan's  Greek  Course.— Edited  by  Rev.  w.  Gunion 

RuTHERFOR©,    M.A.,    LL.D.,    Head    Master  of  Westminster 

Sdaoc^  [In  preparation. 

I.— FIRST  GREEK  GRAMMAR.    By  the  Editor.  i8mo.  is,6d. 

[In  preparation, 
IL— FIRST  GREEK  EXERCISE  BOOK.  By  H.  G.  Underhill. 
IIL--SECOND  GREEK  EXERCISE  BOOK. 
IV.— MANUAL  OF  GREEK  ACCIDENCE, 
v.— MANUAL  OF  GREEK  SYNTAX. 
VI.— ELEMENTARY  GREEK  COMPOSITION. 

Macmillan's  Latin  Course,    first  year.    By  A.  i^L 

Cook,  M.A.,  Assistant-Master  at  St  Paul's  School    New  Edition, 
revised  and  enlai^ed.     Globe  8vo.     3^.  6^ 

*♦*  The  Second  Part  is  in  preparation. 
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Macmillan's  Shorter  Latin  Course.     By  A.  M.  Cook. 

M.A.,  Assistant-Master  at  St  Paul's  School.  Being  an  abridgment 
of  •*  MacmOlan's  Latin  Course,"  First  Year.    Globe  8vo.     is.  6d. 

Marshall.— A  table  of  irregular  greek  verbs, 

classified  according  to  the  arrangement  of  Curtius*s  Greek  Grammar. 
By  J.  M.  Marshall,  M.A.,  Head  Master  of  the  Grammar 
School,  Durham.    New  Edition.    8vo.     ij. 

Mayor  (John  E.  B.)— first  greek  reader.    Edited 

after  Karl  Halm,  with  Corrections  and  large  Additions  by  Pro« 
fessor  John  E.  B.  Mayor,  M.A.,  Fellow  of  St.  John's  College, 
Cambridge.    New  Edition,  revised.     Fcap.  8vo.    4^.  6d, 

Mayor  (Joseph  B.)— greek  FOR  beginners.    By  the 

Rev.  J.  B.  Mayor,  M.A.,  Professor  of  Classical  Literature  in 
King's  College,  London.  Part  L,  with  Vocabulary,  i/.  6d, 
Parts  II.  and  II L,  with  Vocabulary  and  Index^  jj.  6^.  Comj^ete 
in  one  Vol.  fcap.  8vo.    4J.  6d, 

Nixon. — PARALLEL  EXTRACTS,  Arranged  for  Translation  into 
English  and  Latin,  with  Notes  on  Idioms.  By  J.  E.  NixoN, 
M.  A.,  Fellow  and  Classical  Lecturer,  King's  College,  Cambridge. 
Part  I. — Historical  and  Epistolary.  New  Edition,  revised  and 
enlarged.  Crown  8vo.  3f.  6d, 
PROSE  EXTRACTS,  Arranged  for  Translation  into  English  and 
Latin,  with  General  and  Special  Prefaces  on  Style  and  Idiom. 
L  Oratorical.  II.  Historical  III.  Philosophical  and  Miscella- 
neous.   By  the  same  Author.    Crown  8vo.     3;.  6d, 

•»*  Translations  of  Select  Passages  supplied  by  Author  only, 

Peile.— A  PRIMER  OF  PHILOLOGY.  By  J.  Pkile,  M.A., 
Litt  D.,  Master  of  Christ's  College,  Cambridge.     i8mo.     is. 

Postgate.— PASSAGES  FOR  TRANSLATION  INTO  LATIN 
PROSE.  With  Introduction  and  Notes,  by  J.  P.  Postgate, 
M.A.    Crown  Svo.  [In  the  press. 

Postgate   and   Vince.— A   dictionary  of  latin 

ETYMOLOGY.    By  J.  P.  Postgate,  M.A.,  and  C.  A.  Vince, 

M.A.  [Tn  preparation. 

Potts  (A.  W.)— Works  by   Albxander   W.   Potts,    M.A., 

LL.D.,  late  Fellow  of  St.  John's  College,   Cambridge;    Head 

Master  of  the  Fettes  College,  Edinbuigh. 
HINTS  TOWARDS  LATIN  PROSE  COMPOSITION.    New 

Edition.     Extra  fcap.  8vo.    3;. 
PASSAGES   FOR  TRANSLATION  INTO   LATIN  PROSE. 

Edited  with  Notes  and  References  to  the  above.    New  Edition. 

Extra  fcap.  8vo.    2s.  6d. 
LATIN  VERSIONS  OF  PASSAGES  FOR  TRANSLATION 

INTO  LATIN  PROSE  (for  Teachers  only).     2s.  6d. 
Preston.— EXERCISES  IN  LATIN  VERSE  COMPOSITION. 

By  Rev.  G.  Preston,  M.A.,  Head  Master  of  the  King's  School, 

Chester.    (With  Key.)    Globe  870.  [In preparation. 
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Reid.— A  GRAMMAR  OF  TACITUS.  By  J.  S.  Reid,  M.L., 
Fellow  of  Caius  College,  Cambridge.  [In  preparation, 

A   GRAMMAR    OF  VERGIL.    By  the  same  Author. 

[In  preparation, 
%•  Similar  Grammars  to  other  Classical  Authors  wiU probably  follow, 

Roby.— A  -GRAMMAR  OF  THE  LATIN  LANGUAGE,  from 
Plautus  to  Suetonius.  By  H.  J.  Roby,  M.A.,  late  Fellow  of  St. 
John's  College,  Cambridge.  In  Two  Parts,  Part  I.  Fifth 
Edition,  containing: — Book  I.  Sounds.  Book  II.  Inflexions. 
Book  III.  Word-formation.  Appendices.  Crown  8vo.  9J. 
Part  II.  Syntax,  Prepositions,  &c.  Crown  8vo.  i<w.  6</. 
"  Marked  by  the  clear  and  practised  insight  of  a  master  in  bis  art.    A  book  that 

would  do  honour  to  any  country  "->ATHBNiCUM.  -^ 

SCHOOL  LATIN  GRAMMAR.  By  the  same  Author.  Crown 
Svo.     5j. 

Rush.— SYNTHETIC  LATIN  DELECTUS.  A  First  Latin 
Construing  Book  arranged  on  the  Principles  of  Grammatical 
Analysis.  With  Notes  and  Vocabulary.  By  E.  Rush,  B.A. 
With  Preface  by  the  Rev.  W.  F.  Moulton,  M.  A.,  D.D.  New 
and  Enlarged  Edition.    Extra  fcap.  Svo.     2J.  6d, 

Rust— FIRST  STEPS  TO  LATIN  PROSE  COMPOSITION. 
By  the  Rev.  G.  Rust,  M.A.,  of  Pembroke  Collie,  Oxford, 
Master  of  the  Lower  School,  King's  College,  London.  New 
Edition.     i8mo.     is,  6d, 

KEY  TO  THE  ABOVE.  By  W.  M.  Yates,  Assistant-Master  in 
the  High  School,  Sale.     i8mo.     3^.  6d, 

Rutherford. — Works  by  the  Rev.  W.  GuNiON  Rutherford, 
M.A.,  LL.D.,  Head-Master  of  Westminster  School. 

REX  LEX.  A  Short  Digest  of  the  principal  Relations  between 
Latin,  Greek,  and  Anglo-Saxon  Sounds.     Svo.      [In preparation, 

THE  NEW  PHRYNICHUS ;  being  a  Revised  Text  of  the 
Ecloga  of  the  Granmiarian  Phrynichus.  With  Introduction  and 
Commentary.  Svo.  iSr.  (See  also  Macmillan's  Greek 
Course.) 

Simpson.— LATIN  prose  after  THE  BEST  AUTHORS. 
By  F.  P.  Simpson,  B.A.,  late  Scholar  of  Balliol  College,  Oxford. 
Part  I.     C^SARIAN  PROSE.     Extra  fcap.  Svo.     2s.  6d. 
KEY  TO  THE  ABOVE,  for  Teachers  only.     Extra  fcap.    Svo.   5j. 

Thring. — Works  by  the  Rev.  E.  Thring,  M.A.,  late  Head-Master 

of  Uppingham  School. 

A  LATIN  GRADUAL.       A   First  Latin  Construing  Book  for 

Beginners.      New  Edition,    enlarged,   with    Colour^  Sentence 

Maps.^  Fcap.  Svo.     2s.  6</. 

I  MANU>3iL  OF  MOOD  CONSTRUCTIONS.  Fcap.  Svo.  is,  Sd. 
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Welch  and  Duffield.— latin  accidence  and  exer- 

CISES  arranged  for  beginners.  By  William 
Welch,  M.  A.,  and  C.  G.  Duffield,  M.A.,  Assistant  Masters  at 
Cranleigh  School     i8mo.     is.  6d, 

This  book  is  intended  as  an  introduction  to  Macmillan's  Elementary 
ClassicSy  and  is  the  development  of  a  plan  which  has  been  in  use 
for  some  time  and  has  been  worked  satisfactorily. 
White.— FIRST  LESSONS  IN  GREEK.  Adapted  to  GOOD- 
WIN'S GREEK  GRAMMAR,  and  designed  as  an  introduction 
to  the  ANABASIS  OF  XENOPHON.  By  John  Williams 
White,  Ph.D.,  Assistant-Professor  of  Greek  in  Harvard  Univer- 
sity. Crown  8vo.  4J.  6d, 
Wilkins  and  Strachan.— PASSAGES  FOR  TRANSLA- 
TION FROM  GREEK  AND  LATIN.  Selected  and  Arranged 
by  A.  S.  Wilkins,  M.A.,  Professor  of  Latin,  and  J.  Strachan, 
M.  A.,  Professor  of  Greek,  in  the  Owens  College,  Manchester. 

[In  the  press* 
Wright.— Works  by  J.  Wright,   M.A.,  late  Head  Master  of 
Sutton  Coldfield  School. 

A  HELP  TO  LATIN  GRAMMAR ;  or.  The  Form  and  Use  of 
Words  in  Latin,  with  Progressive  Exercises.    Crown  8vo.    41.  60?! 

THE  SEVEN  KINGS  OF  ROME.  An  Easy  Narrative,  abridged 
from  the  First  Book  of  Livy  by  the  omission  of  Difficult  Passages ; 
being  a  First  Latin  Reading  Book,  with  Grammatical  Notes  and 
Vocabulary.     New  and  revised  Edition.     Fcap.  8vo.     y.  6d, 

FIRST  LATIN  STEPS ;  OR,  AN  INTRODUCTION  BY  A 
SERIES  OF  EXAMPLES  TO  THE  STUDY  OF  THE  LATIN 
LANGUAGE.    Crown  8vo.     3J. 

ATTIC  PRIMER.  Arranged  for  the  Use  of  Beginners.  Extra 
fcap.  8vo.    2s,  6d, 

A  COMPLETE  LATIN  COURSE,  comprising  Rules  with 
Examples,  Exercises,  both  Latin  and  English,  on  each  Rule,  and 
Vocabularies.    Crown  8vo.    2s,  6d, 


ANTIQUITIES,   ANCIENT  HISTORY,  AND 
PHILOSOPHY; 

Arnold. — Works  by  W.  T.  Arnold,  M.A. 
A  HANDBOOK  OF  LATIN  EPIGRAPHY.       [In  preparation. 
THE  ROMAN  SYSTEM  OF  PROVINCIAL  ADMINISTRA- 
TION TO  THE  ACCESSION  OF  CONSTANTINE  THE 
GREAT.     Crown  8vo.    dx. 

Arnold  (T.)— the  SECOND  PUNIC  WAR.  Being  Chapters  on 
THE  HISTORY  OF  ROME.  By  the  late  Thomas  Arnold, 
D.D.,  formerly  Head  Master  of  Rugby  School,  and  R^us  Professor 
of  Modem  History  in  the  University  of  Oxford.  Edited,  with  Notes, 
by  W.  T.  Arnold,  M.A.    With  8  Maps.    Crown  8vo.    Zs.  6d. 
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Becsly.— STORIES   from  the   history   of    ROME. 

By  Mrs.  Beesly.    Fcap.  Sro.    zs.  6d, 
Burn.— ROMAN  LITERATURE  IN  RELATION  TO  ROM  AN 
ART.     By  Rev.  Robert  Burn,  M.A.,  Fellow  of  Trinity  College, 
Cambridge.    With  numerous  lUustrations.   Extia  Crown  8vo.    14J. 
Classical  Writers.— Edited  by  John  Richard  Grekn,  M.A. 
LL.D.    Fcap.  8vo.     u,  6d.  each. 
EURIPIDES.    By  Professor  Mahaffy. 
MILTON.     By  the  Rev.  Stopford  A.  Broqkb,  M.A. 
LIVY.    By  the  Rev.  W.  W.  Capes,  M.A. 
VIRGIL.    By  Professor  Nettleship,  M.A. 
SOPHOCLES.    By  Professor  L.  Campbell,  M.A. 
DEMOSTHENES.    By  Professor  S.  H.  Butcher,  M.A. 
TACITUS.     By  Professor  A.  J.  Church,  M.A.,  and  W.  J. 
Brodribb,  M.A. 
Freeman. — works  by  Edward  A.  Freeman,   D.C.L.,  LL.D., 
Hon,  Fellow   of   Trinity  College,  Oxford,  Regius  Professor  of 
Modem  History  in  the  University  of  Oxford. 
HISTORY  OF  ROME,    {ffistorical  Course  fir  Sckifois,)    iSmo. 

[InH'^raium. 
A  SCHOOL  HISTORY  OF  ROME.    Crown  8yo. 

HISTORICAL  ESSAYS.     Second  Scries.    [Greek  and  Roman 
History.]    8vo.    los.  6d. 
Fyffe.—A   SCHOOL  HISTORY    OF    GREECE.      By  C.    A. 
Fyffe,  M. a.     Crown  8vo.  [/«  friparation, 

Geddes.  —  the  problem  of  the  Homeric  poems. 

By  W.  D.  GsDDSS,  Principal  of  the  University  of  Aberdeen. 
8vo.    14J. 
Gladstone. — Works  by  the  Rt.  Hon.  W.  E.  GLADSTONE,  M.P. 
the  TIME  AND  PLACE  OF  HOMER.    Crown  8vo.     6j.  6*/. 
A  PRIMER  OF  HOMER.     i8mo.     u. 
GOW.— A    COMPANION     TO     SCHOOL    CLASSICS.      By 
Tames  Gow,  M.A.,  Litt.D.,  Head  Master  of  the  High  School, 
pTottingham ;  formerly  Fellow  of  Trinity  College,   Cambridge. 
With  Illustrations.     Crown  8vq.  [/» thefress. 

Jackson.— A  MANUAL  OF  GREEK  PHILOSOPHY.  By 
Henry  Jackson,  M.A.,  LittD.,  Fellow  and  Praelector  in  Ancient 
Philosophy,  Trinity  College,  Cambridge.  \In  preparaiian, 

Jebb. — Works  by  R.  C.  Jebb,  M.A.,  LL.D.,  Professor  of  Greek 
in  the  University  of  Glasgow. 
THE  ATTIC  ORATORS  FROM  ANTIPHON  TO  ISAEOS. 

2  vols.     8vo.    25J. 
A  PRIMER  OF  GREEK  LITERATURE.    i8mo.    i*. 
(Seealsc  Classical Serus.y 

Kiepcrt.— MANUAL  OF  ANCIENT  GEOGRAPHY,  Trans- 
lated from  the  German  of  Dr.  HeinuchKispbrt.  Crown  8vo.  5j. 
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Mahaffy,— Woiks  by  J.  P.  Mahapfv,  M.A.,  D.D.,  FeEow  and 

Professor  of  Ancient  History  in  Trinity  CdUege,  Dubtin,  and  Hon. 

Fellow  of  Queen's  College,  Oxford. 
SOCIAL  LIFE    IN    GREECE;    from    Homer   to    Menander. 

Fifth  Edition,  revised  and  enlarged.     Crown  8vo.    qj. 
GREEK  LIFE  AND  THOUGHT ;  from  the  Age  of  Alexander 

to  the  Roman  Conquest.    Crown  8vo.     12s,  6d. 
RAMBLES  AND  STUDIES  IN  GREECE.    With  Ilhistrations. 

Third  Edition,  Revised  and  Enlarged.    With  Map.     Crown  Svo. 

lOJ.  6d, 
A  PRIMER  OF  GREEK  ANTIQUITIES.     With  Illustrations. 

i8mo.     IS, 
EURIPIDES.     i8mo.     w.  6d.     {Classical  WHUrs  Series,) 

Mayor  (J.  E.  B.)— bibliographical  clue  to  latin 

LITERATURE.  Edited  after  HObner,  with  large  Additions 
by  Professor  John  E.  B.  Mayor.  Crown  8vo.  loj.  6d. 
Newton.— ESSAYS  IN  ART  AND  ARCHAEOLOGY.  By  Sir 
Charles  Newton,  K.C.B.,  D.C.L.,  Professor  of  Archaeology  in 
University  College,  London,  and  formerly  Keeper  of  Greek  and 
Roman  Antiquities  at  the  British  Museum.     8yo.     12s.  6d, 

Ramsay.— A  school  history  of  ROME.     By  g.  g. 

Ramsay,  M.A.,  Professor  of    Humanity  in  the   University  of 

Glasgow.    With  Maps.    Crown  8vo.  [In  preparation. 

Sayce.— THE  ANCIENT  EMPIRES  OF  THE  EAST.      By 

A.  H.  Saycb,    Deputy-Professor   of   Comparative  Philosophy, 

Oxford,  Hon.  LL.D.  Dublin.     Crown  8vo.     6s, 
Stewart.— THE    tale    of    troy.     Done  into  English  by 

Aubrey    Stewart,    M.A.,    late   Fellow   of  Trinity  College, 

Cambridge.     Globe  8vo.     3}.  Sd, 
Wilkins.— A  PRIMER  OF  ROMAN    ANTIQUITIES.      By 

Professor  WiLKiNS,  M.A.,  LL.D.     Illustrated.     l8mo.     is, 
A  PRIMER  OF  LATIN  LITERATURE.    By  the  same  Author. 

[In  preparation. 


MATHEMATICS. 

(i)  Arithmetic  and  Mensuration,  (2)  Algebra, 
(3)  Euclid  and  Elementary  Geometry,  (4)  Trigo- 
nometry, (5)  Higher  Mathematics. 

ARITHMETIC  AND  MENSURATION. 

Aldis.— THE  GREAT  GIANT  ARITHMOS.  A  most  Elementary 
Arithmetic  for  Childnn.  By  Mary  Steadman  Alpis.  With 
Illustrations.    Globe  8to.    2s,  6d, 


34         MACMILLAN'S  EDUCATIONAL  CATALOGUE. 

Bradshaw.— EASY  exercises  in  arithmetic.    By 

Gerald  Bkadshaw,  M.A.,  Assistant  Master  in  Clifton  College. 
Globe  8yo.  \In  preparation, 

Brook-Smith  (J.).— ARITHMETIC  IN  THEORY  AND 
PRACTICE.  Bv  J.  Brook-Smith,  M.A.,  LL.B.,  St.  John's 
College,  Cambriage;  Barrbter-at-Law ;  one  of  the  Masters  of 
Cheltenham  College.    New  Edition,  revised.    Crown  8vo.    4^.  6^. 

Candler. — help  to  arithmetic.  Designed  for  the  use  of 
Schools.  By  H.  Candler,  M.A.,  Mathematical  Master  of 
Uppingbam  SchooL     Second  Edition.    Extra  fcap.  8to.    2s,  6d, 

Dalton.— RULES  AND  EXAMPLES  IN  ARITHMETIC.  By 
the  Rev.  T.  Dalton,  M.A.,  Assistant-Master  in  Eton  Collie. 
New  Edition.     i8mo.     2s.  6d, 

[Answers  to  the  Examples  are  appended, 

Goyen.— -HIGHER  arithmetic  and  ELEMENTARY 
MENSURATION.  By  P.  Goyen,  M.  A.,  Inspector  of  Schools, 
Dunedin,  N.  Z.     Crown  8vo.     5j.  [/«j/  ready. 

Hall  and  Knight.— arithmetical  EXERCISES  AND 
EXAMINATION  PAPERS.  By  H.  S.  Hall,  M.A.,  formeriy 
Scholar  of  Christ's  College,  Cambridge ;  Master  of  the  Military 
and  Engineering  Side,  Clifton  College  ;  and  S.  R.  Knight,  B.A., 
formerly  Scholar  of  Trinity  College,  Cambridge,  late  Assistant 
Master  at  Marlborough  College,  Author  of  **  Elementary  Algebra," 
''Algebraical  Exercises  and  Examination  Papers,  ''Higher 
Algebra,"  &c.     Globe  8vo.  [In  the  press. 

Lock. — Works  by  Rev.  T.  B.  LoCK,  M.A.,  Senior  Fellow,  Assistant 

Tutor,  and  Lecturer  of  Caius  College,  Teacher  of  Physics  in  the 

University  of  Cambridge,  formerly  Assistant-Master  at  Eton. 

ARITHMETIC  FOR  SCHOOLS.     With  Answers  and   looo 

additional    Examples   for    Exercise.      Second  Edition,    revised. 

Globe  8vo.      4f.   6d,     Or  m  Two  Parts  .—Part  I.  Up  to  and 

including  Practice,  with  Answers.      Globe  8vo.     2s,      Part  11. 

With  Answers  and  looo  additional  Examples  for  Exercise.     Globe 

8vo.     3J.  [A  Key  is  in  the  press. 

•»*  TTie  complete  book  and  both  parts  can  also  be  obtained  without 

answers  at  the  same  pricCy  though  in  different  binding.     But  the  edition 

with  answers  will  always  be  supplied  unless  the  other  is  specially  asked  for, 

ARITHMETIC  FOR  BEGINNERS.     Globe  8vo.     [In  the  press, 

COMMERCIAL  ARITHMETIC.     Globe  8vo.      [In preparation, 

Pedley.— EXERCISES    in    arithmetic    for    the    Use    of 
Schools.      Containing  more  than  7,000  original  Examples.      By 
S.  Pedley,  late  of  Tamworth  Grammar  SchooL   Crown  8vo.    5j, 
Also  in  Two  Parts  2J.  6^.  each. 

Smith. — ^Works  by  the  Rev.  Barnard  Smith,  M.A.,  late  Rector 
of  Glaston,  Rutland,  and  Fellow  and  Senior  Bursar  of  S.  Peter's 
College,  Cambridge, 
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ARITHMETIC  AND  ALGEBRA,  in  their  Principles  and  Appli- 
cation; with  numerous  systematically  arranged  Examples  taken 
from  the  Cambridge  Examination  Papers,  with  especial  reference 
to  the  Ordinary  Examination  for  the  B.  A.  Degree.  New.  Edition, 
carefully  Revised.     Crown  8vo.     lew.  6d. 

ARITHMETIC  FOR  SCHOOLS.     New  Edition.    Crown  8vo. 

A   KEY   TO   THE  ARITHMETIC  FOR  SCHOOLS.      New 

Edition.    Crown  8vo.     %s.  6d. 
EXERCISES  IN  ARITHMETIC.     Crown  8vo,  limp  cloth,  zs. 

With  Answers,  2s.  6d.     Answers  separately,  6d, 
SCHOOL  CLASS-BOOK  OF  ARITHMETIC.    l8mo,   doth.   y. 

Or  sold  separately,  in  Three  Parts,  is.  each. 
KEYS    TO    SCHOOL    CLASS-BOOK    OF    ARITHMETIC. 

Parts  I.,  II.,  and  III.,  2s.  6d.  each. 
SHILLING    BOOK    OF    ARITHMETIC    FOR    NATIONAL 

AND  ELEMENTARY  SCHOOLS.      i8mo,  dotli.      Or  sepa- 
rately, Part  I.  2d. ;  Part  II.  sd. ;  Part  III.  yd.     Answers,  6d. 
THE  SAME,  with  Answers  complete.     i8mo,  cloth,     is.  6d. 
KEY  TO  SHILLING  BOOK  OF  ARITHMETIC.    l8mo.  4s.  6d. 
EXAMINATION  PAPERS  IN  ARITHMETIC.    i8mo.    is.  6d. 

The  same,  with  Answers,  i8mo,  2s.     Answers,  6d. 
KEY    TO    EXAMINATION    PAPERS    IN   ARITHMETIC. 

i8mo.    4s.  6d, 
THE    METRIC    SYSTEM   OF   ARITHMETIC,   ITS    PRIN- 

CIPLES  AND    APPLICATIONS,  with  numerous  Examples, 

written  expressly  for  Standard  V,  in  National  Schools.     New 

Edition.     i8mo,  cloth,  sewed.     3^. 
A  CHART  OF  THE  METRIC  SYSTEM,  on  a  Sheet,  size  42  in. 

by  34  in.  on    Roller,    mounted  and  varnished.     New  Edition. 

Price  3J.  6d, 
Also  a  Small  Chart  on  a  Card,  price  id, 
EASY  LESSONS  IN  ARITHMETIC,  combining  Exercises  in 

Raiding,  Writing,  Spelling,  and  Dictation.     Part  I.  for  Standard 

I.  in  National  Sdiools.     Crown  8vo.     gd. 
EXAMINATION  CARDS  IN  ARITHMETIC.     (Dedicated  to 

Lord  Sandon.)    With  Answers  and  Hints. 
Standards  I.  and  II.  in  box,  is.     Standards  III.,  IV.,  and  V.,  in 

boxes,  is.  each.  Standard  VI.  in  Two  Parts,  in  boxes,  is.  each. 
A  and  B  papers,  of  nearly  the  same  difficulty,  are  given  so  as  to 
prevent  copying,  and  the  colours  of  the  A  and  B  papers  differ  in  each 
Standard,  and  from  those  of  every  other  Standard,  so  that  a  master 
or  mistress  can  see  at  a  glance  whether  the  children  have  the  proper 
papers. 

Todhunten— MENSURATION  for  BEGINNERS.  By  L 
TODHUNTER,  M.A.,  F.R.S.,  D.Sc,  late  of  St.  John's  Collie, 
Cambridge.  With  Examples.  New  Edition.  i8mo.  2s.6d. 
KEY  TO  MENSURATION  FOR  BEGINNERS.  By  the  Rev. 
Fr.  Lawrence  McCarthy,  Professor  of  Mathematics  in  St. 
Peter's  College,  Agra.     Crown  870.     p.  6d, 
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Dalton.— RULES  and  examples  in  algebra.     By  the 
Rev.   T.   Dalton,   M.A.,   Assistant-Master   of   Eton  CoU<^e. 
Part  I.    New  Edition.     i8mo.    2s.    Part  II.     iSmo.    2J.  6d. 
*♦*  A  Key  to  Part  I,  for  Teachers  only,  Js.  6d, 

Hall    and    Knight.— elementary  algebra   for 

SCHOOLS.  By  H.  S.  Hall,  M.A.,  formerly  Scholar  of  Christ's 
College,  Cambridge,  Master  of  the  Military  and  Engineering  Side, 
Clifton  College ;  and  S.  R.  Knight,  B.A,  formerly  Scholar  of 
Trinity  College,  Cambridge,  late  Assistant-Master  at  Marlboroi:^h 
College.  Fourth  Edition,  Revised  and  Corrected.  Globe  8vo, 
bound  in  maroon  coloured  cloth,  3^.  6d, ;  with  Answers,  bound  in 
green  coloured  doth,  ^,  6d. 

ALGEBRAICAL  EXERCISES  AND  EXAMINATION  PAPERS. 
To  accompany  ELEMENTARY  ALGEBRA.  Second  Edition, 
revised.     Globe  8vo.     2j.  (>d, 

HIGHER  ALGEBRA.  A  Sequel  to  "ELEMENTARY  AL- 
GEBRA  FOR  SCHOOLS."  Second  Edition.  Crown  8vo.  7^.6^. 
Jones  and  Cheyne,— algebraical  exercises.  Pro- 
gressively Arranged.  By  the  Rev.  C.  A.  Jones,  M.A.,  and  C. 
H.  Cheyne,  M.A.,  F.R.A.S.,  Mathematical  Masters  of  West- 
minster  SchooL     New  Edition.     i8mo.     2s,  6d, 

SOLUTIONS  AND  HINTS  FOR  THE  SOLUTION  OF  SOME 
OF  THE  EXAMPLES  IN  THE  ALGEBRAICAL  EXER- 
CISES OF  MESSRS.  JONES  AND  CHEYNE.  By  Rev.  W. 
Failes,  M.A.,  Mathematical  Master  at  Westminster  School,  late 
Scholar  of  Trinity  College,  Cambridge.     Crown  8vo.     is,  6d, 

Smith  (Barnard).— ARITHMETIC  AND  ALGEBRA,  in  their 
Principles  and  Application ;  with  numerous  systematically  arranged 
Examples  taken  from  the  Cambridge  Examination  Papers,  with 
especial  reference  to  the  Ordinary  Examination  for  the  B.A.  Degree. 
By  the  Rev.  Barnard  Smith,  M.  A.,  late  Rector  of  Glaston,  Rut- 
land, and  Fellow  and  Senior  Bursar  of  St.  Peter's  College,  Cam- 
bridge.    New  Edition,  carefully  Revised.     Crown  Svow     los.  6d. 

Smith  (Charles).— Works  by  Charles  Smith,  M.A.,  Fellow 
and  Tutor  of  Sidney  Sussex  Collie,  Cambridge. 

ELEMENTARY  ALGEBRA.    Globe  8vo.    4J.  6^. 

In  this  work  the  author  has  endeavoured  to  explain  the  principles  of  Algebra  in  as 
simple  a  manner  as  possible  fot  the  benefit  of  beginners,  bestowing  great  care  upon 
the  explanations  and  proofs  of  the  fundamental  operations  and  rules. 

A  TREATISE  ON  ALGEBRA,     Crown  8vo.     7s,  6d. 

Todhunter.— Works  by  L  Todhuntsr,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  Jfohn's  College,  Cambridge. 

"  Mr.  Todhunter  is  diieflj  known  to  Studonts  of  Mathematict  as  tha  author  of  a 

series  of  admirable  mathematical  text-books,  which  possess  the  rare  qualities  of  beins 

dear  in  style  and  absolutely  free  from  mistakes,  typographical  or  other."— Saturday 
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ALGEBRA   FOR   BEGINNERS.     With   numerous  Examples. 

New  Edition,     i&mo.    2s»  6d, 
KEY  TO  ALGEBRA  FOR  BEGINNERS.    Crown  8va    €s.  6d. 
ALGEBRA.    For  the  Use  of  CoU^es  and  Schools.    New  Edition. 

Crown  8vo.     'js.  6d. 
KEY  TO  ALGEBRA  FOR  THE  USE  OF  COLLEGES  AND 

SCHOOLS.    Crown  Svo.     los.  6d. 


EUCLID,  &  ELEMENTARY  GEOMETRY. 

Constable.— GEOMETRICAL  EXERCISES  FOR  BE- 
GINNERS.   By  Samuel  Constable.    Crown  8vo.    3*.  6d, 

CuthbertSOn.— EUCLIDIAN  geometry.  By  Francis 
CuTUBERTSON,  M.  A.,  LL.D.,  Head  Mathematical  Master  of  Uie 
City  of  London  School.    Extra  fcap.  8vo.    4J.  6d, 

Dodgson. — ^Works  by  Charles  L.  Dodgson,  M.  A.,  Student  and 
late  Mathematical  Lecturer  of  Christ  Church,  Oxford. 
EUCLID.    BOOKS  I.  and  II.     Fourth  Edition,  with  words  sub- 
stituted for  the  Algebraical  Symbols  used  in  the  First  Edition. 
Crown  8vo.    2s, 
*»*  The  text  of  this  Edition  has  been  ascertained,  by  counting  the  words,  to  be 

less  than  five-sevenths  of  that  contamed  in  the  ordinary  editions. 

EUCLID   AND  HIS.  MODERN  RIVALS.     Second   Edition. 

Crown  8vo.    6s. 

Eagles.— CONSTRUCTIVE      GEOMETRY      OF      PLANE 

CURVES.     By  T.  H.  Eagles,  M.A.,  Instructor  in  Geometrical 

•Drawing,  and  Lecturer  in  Architecture  at  the  Royal  Indian  En* 

g'neering  •  Collie,   Cooper's  Hill.     With  numerous  Examples, 
rown  8vo.     12s, 

Hall    and    Stevens. — a  TEXT  BOOK  OF   EUCLID'S 

ELEMENTS.  Including  alternative  Proofs,  together  with  additional 
Theorems  and  Exercises,  classified  and  arranged.  By  H.  S. 
Hall,  M.A.,  formerly  Scholar  of  Christ's  CoUege,  Cambridge, 
and  F.  H.  Stevens,  M.A.,  formerly  Scholar  of  Queen's  College, 
Oxford :  Masters  of  the  Militaiy  and  Engineering  Side,  Clifton 
College.  Globe  Svo.  Part  I.,  containing  Books  f.  and  II.  2s. 
Books  I. — VI.  complete.  {In  the  press, 

Halsted.— THE  elements  of  geometry.  By  George 
Bruce  Halsted,  Professor  of  Pure  and  Applied  Mathematics 
in  the  University  of  Texas.     8va     I2s,  6d, 

Kitchener.— A  geometrical  NOTE-BOOK,  containing 
Easy  Problems  in  Geometrical  Drawing  preparatory  to  the  Study 
of  Geometry.  For  the  Use  of  Schools.  By  F.  E.  Kitchener, 
M.A.,  Head-Master  of  the  Grammar  Schooli  Newcastle,  Stafford- 
shire.   New  Edition.    4to.    2s. 

Lock.— EUCLID  FOR  BEGINNERS.— By  Rer.  J.  B.  Lock, 
M.  A«  [In  prtparathn. 
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Mault— NATURAL    GEOMETRY:    an    Introduction    to    the 
Logical   Study  of  Mathematics.     For    Schools    and   Technical 
Classes.     With  Explanatory  Models,   based   upon   the    Tachy- 
metrical  works  of  Ed.  Lagout.    By  A.  Mault.     i8mo.     i*. 
Models  to  Illustrate  the  above,  in  Box,  12s,  6d, 

Millar.— ELEMENTS  OF  DESCRIPTIVE  GEOMETRY.  By 
J.  B.  Millar,  M.E.,  Civil  Engineer,  Lecturer  on  Engineering  in 
the  Victoria  University,  Manchester.    Second  Edition.  Cr.  8vo.     6s. 

Snowball —  he  elements  of  plane  and  spheri- 
cal TRIGONOMETRY.  By  J.  C.  Snowfall,  M. A.  Four- 
teenth Edition.     Crown  8vo.     7^.  6d. 

Syllabus  of  Plane  Geometry  (corresponding  to  Eudid, 

Books  I. — ^VL).  Prepared  by  the  Association  for  the  Improve- 
ment of  Geometrical  Teaching.    New  Edition.     Crown  8vo.     u. 

Todhunter.— THE  elements  of  EUCLID.  For  the  Use 
of  Collegesand  Schools.  By  I.  Todhunter,  M.  A.,  F.R.S.,  D.Sc, 
of  St.  John's  College,  Cambridge.  New  Edition.  i8mo.  31  6d, 
KEY  TO  EXERCISES  IN  EUCLID.    Crown  8vo.    6s.  6d. 

Wilson  (J.  M.).— ELEMENTARY  GEOMETRY.  BOOKS 
L— V.  Contaming  the  Subjects  of  Euclid's  first  Six  Books.  Fol- 
lowing the  Syllabus  of  the  Geometrical  Association.  By  the  Rev. 
T.  M.  Wilson,  M.A.,  Head  Master  of  Clifton  College.  New 
Edition.    Extra  fcap.  Svo.    4;.  6d. 

TRIGONOMETRY. 
Beasley.— AN  elementary  treatise  on  plane 

TRIGONOMETRY.     With  Examples.     By  R.  D.  Beasley, 

M.A.    Ninth  Edition,  revised  and  enlarged.    Crown  8vo.  3^.  6d, 
Lock. — ^Works  by  Rev.  J.  B.  Lock,  M.A.,  Senior  Fellow,  Assistant 

Tutor  and  Lecturer  of  Caius  College,  Teacher  of  Physics  in  the 

University  of  Cambridge ;  formerly  Assistant-Master  at  Eton. 
TRIGONOMETRY  FOR  BEGINNERS,  as  far  as  the  Solution  of 

Triangles.     Globe  8vo.     2s,  6d, 
ELEMENTARY    TRIGONOMETRY.     Fifth   Edition  (m   thU 

edition  the  chapter  on  logarithms  has  been  carefully  revised). 

Globe  8vo.    4s,  6d,  [A  Key  is  vn  the  press, 

Mr.  £.  J.  RouTH.  D.Sc,  F.R.S.,  writes:— "It  is  ^  able  treatise.    It  takes  the 

difficulties  of  the  subject  one  at  a  time,  and  so  leads  the  young  student  easily  along." 

HIGHER  TRIGONOMETRY.  Fifth  Edition.  Globe  8vo.  i^.6d. 

Both  Parts  complete  in  One  Volume.     Globe  8vo.     7j.  6d. 

(See  also  under  Arithmetic y  Higher  Mathematics^  and  Euclid^ 

M'Clelland  and  Preston.— a  treatise  ON  spherical 

TRIGONOMETRY.  With  numerous  Examples.  By  William 
J.  M'Clelland,  Sdi.B.A.,  Principal  of  the  Incorporated  Societjr's 
School,  Santry,  Dublin,  and  Thomas  Preston,  Sch.B.A.  In 
Two  Parts.  Crown  8vo.  Part  L  To  the  End  of  Solution  of 
Triangles,  4^.  6d,     Part  IL,  5;. 
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Todhunter. — ^Worlcs  by  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc, 

late  of  St.  John's  College,  Cambridge. 
TRIGONOMETRY     FOR     BEGINNERS.      With     munerous 

Examples.     New  Edition.     i8mo.     2s.  6d, 
KEY  TO  TRIGONOMETRY  FOR  BEGINNERS.  Cr.Svo.  Zs.&d. 
PLANE  TRIGONOMETRY.     For  Schools  and  Colleges.     New 

Edition.     Crown  8vo.     ^s. 
KEY  TO  PLANE  TRIGONOMETRY.     Crown  8vo.     lOf.  6J, 
A  TREATISE  ON   SPHERICAL  TRIGONOMETRY.     New 

Edition,  enlarged.     Crown  8vo.     4^.  6d. 
(See  also  under  Arithmetic  and  Mensuration,  Algebra,  and  Higher 
Mathematics.) 

HIGHER  MATHEMATICS. 

Airy. — ^WorksbySirG.B.AiRY,K.C.B.,formerly  Astronomer-Royal. 

ELEMENTARY  TREATISE  ON  PARTIAL  DIFFERENTIAL 
EQUATIONS.  Designed  for  the  Use  of  Students  in  the  Univer^ 
sities.    With  Diagrams.     Second  Edition.     Crown  8vo.     Cf.  6d, 

ON  THE  ALGEBRAICAL  AND  NUMERICAL  THEORY 
OF  ERRORS  OF  OBSERVATIONS  AND  THE  COMBI- 
NATION OF  OBSERVATIONS.  Second  Edition,  revised. 
Crown  8vo.  6s.  6d, 
Alexander  (T.).— ELEMENTARY  APPLIED  MECHANICS. 
Being  the  simpler  and  more  practical  Cases  of  Stress  and  Strain 
wrought  out  individually  from  first  principles  by  means  of  Elemen- 
tary Mathematics.  By  T.  Alexander,  C.E.,  Professor  of  Civil 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei, 
Japan.     Part  I.     Crown  8vo.    4J.  6d, 

Alexander  and  Thomson.— elementary  applied 

MECHANICS.  By  Thomas  Alexander,  C.E.,  Professor  of 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei,  Japan ; 
and  Arthur  Watson  Thomson,  C.E.,  B.Sc,  Professor  of 
Engineering  at  the  Royal  College,  Cirencester,  Part  II.  Trans- 
verse Stress.    Crown  8vo.     loj.  6d. 

Army  Preliminary  Examination,  1B82-1887,  Speci- 
mens of  Papers  set  at  the.  With  answers  to  the  Mathematical 
Questions.  Subjects  :  Arithmetic,  Algebra,  Euclid,  Geometrical 
Drawing,  Geography,  French,  English  Dictation.  Cr.  8vo.  y.  6d, 

Boole. — ^THE  CALCULUS  OF  FINITE  DIFFERENCES. 
By  G,  Boole,  D.C.L.,  F.R.S.,  late  Professor  of  Mathematics  in 
the  Queen's  University,  Ireland.  Third  Edition,  revised  by 
J.  F.  Moulton.     Crown  8vo.     los.  6d. 

Cambridge  Senate-House  Problems  and  Riders, 
with  Solutions: — 
j875_PROBLEMS  AND  RIDERS.     By  A.  G.   Grbenhill, 

M.A.     Crown  8vo.     8j.  6d. 
X878— SOLUTIONS  OF  SENATE-HOUSE  PROBLEMS.    By 
the  Mathematical  Moderators  and  Examiners.    Edited  by  J.  W.  Xj, 
Glaishek,  M.A.,  Fellow  of  Trinity  College,  Cambridge,     izr. 
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Carll.— A  TREATISE  ON  THE  CALCULUS  OF  VARIA- 
TIONS.  Arranged  with  the  purpose  of  Introdncii^,  as  w^ell  as 
Illustrating,  its  Principles  to  the  Reader  by  means  of  Problems, 
and  Designed  to  present  in  all  Important  Particulars  a  Cemplete 
View  of  the  Present  State  of  the  Science*  By  Lewis  Buffett 
Carll,  A.M.    Demy  8vo.    21s, 

Cheyne.— AN  elementary  treatise  ON  the  plan. 

ETARY  theory.  By  C.  H.  H.  Cheynk,  M.A.,  F.R.A.S. 
With  a  Collection  of  Problems.  Third  Edition.  Edited  by  Rev. 
A.  Freeman,  M.A.,  F.R.A.S.    Crown  8vo.     7j.  6d, 

Christie.— A  COLLECTION  OF  ELEMENTARY  TEST- 
QUESTIONS  IN  PURE  AND  MIXED  MATHEMATICS; 
with  Answers  and  Appendices  on  Synthetic  Division,  and  on  the 
Solution  of  Numerical  Equations  by  Homer's  Method.  By  James 
R.  Christie,  F.R.S.,  Royal  Military  Academy,  Woolwich. 
Crown  8vo.    Ss,  6d, 

Clausius.— MECHANICAL  THEORY  OF  HEAT.  By  R 
Clausius.  Translated  by  Walter  R.  Browne,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge.     Crown  8va     l<w.  6</. 

Clifford.— THE  ELEMENTS  OF  DYNAMIC.  An  Introduction 
to  the  Study  of  Motion  and  Rest  in  Solid  and  Fluid  Bodies.  By  W. 
K.  Clifford,  F.R.S.,  late  Profeswr  of  Applied  Mathematics  and 
Medianics  at  University  College,  London.  Parti.— KINEMATIC. 
Crown  8vo.  Books  I — HI.  ^s,  6d.  ;  Book  lY.  and  Appendix 
6s. 

Cockshott   and    Walters. — GEOMETRICAL  CONics. 

An  Elementary  Treatise.  Drawn  up  in  accordance  with  the 
Syllabus  issued  by  the  Society  for  the  Improvement  of  Geometrical 
Teaching.  By  A.  Cockshott,  M.A.,  formerly  Fellow  and 
Assistant-Tutor  of  Trinity  College,  Cambridge,  and  Assistant- 
Master  at  Eton;  and  Rev.  F.  B.  Walters,  M.A.,  Fellow  of 
Queens*  CoUege,  Cambridge,  and  Principal  of  King  William's 
College,  Ide  of  Man.    With  Diagrams.    Crown  8vo. 

[In  the  press, 
Cotterill.— APPLIED  MECHANICS «  an  Elementary;  General 
Introduction  to  the  Theory  of  Structures  and  Machines.  By 
James  H.  Cotterill,  F.R.S.,  Associate  Member  of  the  Council 
of  the  Institution  of  Naval  Architects,  Associate  Member  of  the 
Institution  of  Civil  Engineers,  Professor  of  Applied  Mechanics  in 
the  Royal  Naval  College,  Greenwich.    Medium  8vo.     i&r. 

Day  (R.  E.)— ELECTRIC  LIGHT  ARITHMETIC.     By  R.  E. 
,     Day,  M.A.,  Evening  Lecturer  in  Experunental  Phyacs  at  King's 
College,  London.    Pott  8vo.    2j. 

Drew.— GEOMETRICAL  TREATISE  ON  CONIC  SECTIONS. 
By  W.  H.  Drew,  M.A.,  St.  John's  College^  Cambridge.  New 
Edition,  enlarged.     Crown  8vo.     5^. 
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Dyer.— EXERCISES  in  analytical  geometry.  Com- 
piled and  ftrranged  bjr  J.  M.  Dyer,  M.A.,  Senior  Mathematical 
Master  in  the  Classical  Department  of  Cheltenham  College.  With 
Illustrations.    Crown  8vo.    ^r.  6d. 

Eaglea— CONSTRUCTIVE    geometry    of    plane 

CURVES.  ByT.  H.  Eagles,  M.A.,  Instructor  in  Geometrical 
Drawing,  and  Lecturer  in  Architecture  at  the  Royal  Indian  En- 
gineering College,  Cooper's  HilL  With  nmneroas  Examples. 
Crown  8vo.     its, 

Edgar  (J.  H.)  and  Pritchard  (G.  S.).— NOTE-BOOK  ON 

practical  SOLID  OR  DESCRIPTIVE  GEOMETRY. 
Containing  Problems  with  help  for  Solutions.  By  J.  H.  Edgar, 
M.A.,  Lecturer  on  Mechanical  Drawing  at  the  Royal  School  of 
Mines,  and  G,  S.  PRiTCHAitD.  Fourth  Edition,  revised  by 
Arthur  Meeze.  Globe  8vo.  4J.  6d. 
Edwards.— THE  differential  calculus.    With  Ap. 

plications  and  numerous  Examples.      An  Elementary  Treatise  by 
Joseph  Edwards,   M.A.,   formerly  Fellow   of  Sidney  Sussex 
College,  Cambridge.     Crown  8vo.     lox.  6d, 
Ferrers.— Works  by  the  Rev.  N.  M.  Ferrers,  M.A.,  Master  of 
Gonville  and  Caius  College,  Cambridge. 

AN  ELEMENTARY  TREATISE  ON  TRILINEAR  CO- 
ORDINATES, the  Method  of  Reciprocal  Polars,  and  the  Theory 
of  Projectors.     New  Edition,  revised.     Crown  8vo.     6s,  6J, 

AN  ELEMENTARY  TREATISE  ON  SPHERICAL  HAR- 
MONICS, AND  SUBJECTS  CONNECTED  WITH 
THEM.    Crown  8vo.     7/.  6d, 

Forsyth.— A  treatise  on  differential  equa- 
tions. By  Andrew  Russell  Forsyth,  M.  A.,  F.R.S.,  Fellow 
and  Assistant  Tutor  of  Trinity  College,  Cambridge.  Svo.  14s, 
Frost — Works  by  Percival  Frost,  M.  A.,  D.Sc,  formerly  Fellow 
of  St.  John's  College,  Cambridge;  Mathematical  Lecturer  at 
King's  ColU^. 
AN  ELEMENTARY  TREATISE   ON    CURVE  TRACING. 

8vo.     I2J. 
SOLID  GEOMETRY.     Third  Edition.     Demy  8vo.     16s, 
HINTS  FOR  THE  SOLUTION  OF  PROBLEMS  in  the  Third 
Edition  of  SOLID  GEOMETRY.     8vo.     Ss.  6d. 

Greaves.— A  treatise  on  elementary  statics.  By 

John  Greaves,  M.A.,   Fellow  and  Mathematical   Lecturer  of 
Christ's  Collie,  Cambridge.  •   Crown  8vo.    dr.  6J, 
statics  for  beginners.     By  the  Same  Author. 

[Im  preparaHon. 
Greenhill.— DIFFERENTIAL  and  integral  CAL- 
CULUS. With  Applications.  By  A.  G.  Greenhill,  M.A., 
Professor  of  Mathematics  to  the  Senior  Class  of  Artillery  Officers, 
Woolwich^  and  Examiner  in  Mathematics  to  the  University  of 
London.    Crown  8vo.    p.  6d. 
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Hemming.— AN  elementary  treatise  on   the 

DIFFERENTIAL  AND  INTEGRAL  CALCULUS,  for  the 
Use  of  Colleges  and  Schools.  By  G.  W.  Hemming,  M.A., 
Fellow  of  St.  John's  College,  Cambridge,  Second  Editica«  widi 
Corrections  and  Additions.    8vo.     gj. 

Ibbetson.— THE  mathematical  theory  of   per- 

FECTLY  elastic  SOLIDS,  with  a  short  account  of  Viscous 
Fluids.  An  Elementary  Treatise.  By  William  John  Ibbktson, 
M.A.,  Fellow  of  the  Royal  Astronomical  Society,  and  of  the  Cam- 
bridge Philosophical  Society,  Member  of  the  London  Mathematical 
Society,  late  Senior  Scholar  of  Clare  College,  Cambridge.  8vo.  2  u. 

Jellett  (John  H.).— a  treatise  on  the  theory  of 

FRICTION.  By  John  H.  Jellett,  B.D.  ,  late  Provost  of  Trinity 
College,  Dublin;  President  of  the  Royal  Irish  Academy.     Svo. 

Johnson. — ^Works  by  WiLLiAM  WooLSEY  Johnson,  Professor  of 
Mathematics  at  the  U.S.  Naval  Academy,  Annopolis,  Maryland. 
INTEGRAL    CALCULUS,    an    Elementary  Treatise    on    the; 

Founded  on  the  Method  of  Rates  or  Fluxions.   *Demy  Svo.     9J. 
CURVE*-  TRACING    IN    CARTESIAN    CO-ORDINATES. 
Crown  Svo.     4J.  6d» 
Jones.— EXAMPLES  IN  PHYSICS.    By  D.  E.  Jones,  B.Sc, 
Lecturer  in  Physics  in  University  College,  Aberystwyth.     Fcap. 
Svo.  [In  ike  press, 

Kelland  and  Tait.— introduction  to  quater- 
nions, with  numerous  examples.  By  P.  Kelland,  M.A., 
F.R.S«,  and  P.  G.  Tait,  M.A.,  Professors  in  the  Department  of 
Mathematics  In  the  University  of  Edinburgh.  Second  Edition. 
Crown  Svo.    'js.  6d. 

Kcmpe.— HOW  to  draw  a  straight  line  :  a  Lecture 
on  Linkages.  By  A.  B.  Kemps.  With  Illustrations.  Crown  Svo. 
IS,  6d,    {Aaittre  Series.) 

Kennedy.— THE  mechanics  of  machinery.    By  a. 

B.  W.  Kennedy,  F.R.S.,  M.  Inst.  C.E.,  Professor  of  Engmeering 
and  Mechanical  Technology  in  University  College,  London.     With 
Illustrations.     Crown  Svo.     12s.  6d, 
Knox.— DIFFERENTIAL   CALCULUS   FOR   BEGINNERS. 

By  Alexander  Knox.    Fcap.  Svo.    y.  6d. 
Lock. — Works   by   the   Rev.    J.  B.    Lock,    M.A.,    Author    of 
"Trigonometry,"  "Arithmetic  for  Schools,"  &c.,  and  Teacher  of 
Physics  in  the  University  of  Cambridge. 
higher  TRIGONOMETRY.     Fifth  Edition.  Globe  Svo.  4s.  6d. 
DYNAMICS  FOR   BEGINNERS.     Globe  Svo.     3^.  6d. 
STATICS    FOR    BEGINNERS.     Globe  Svo.  [Inthefress. 

(See  also  under  Arithmetic^  Euclid^  and  Trigonometry,) 
Lupt on. —CHEMICAL  ARITHMETIC.  With  1,200  Examples. 
By  Sydney  Lupton,  M.A.,  F.C.S.,  F.LC,  formerly  Assistant 
Master  in  Harrow  School.     Second  Edition.     Fcap.  Svo.     \s.  6d. 
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Macfarlane,— PHYSICAL  arithmetic.  By  Alexander 
Macfarlane,  M.A.,  D.Sc,  F.R.S.E.,  Examiner  in  Mathematics 
to  the  University  of  Edinburgh.     Cro\\Ti  8yo.     p,  6d, 

MacGregOr.— KINEMATICS  and  dynamics.  An  Ele- 
mentary Treatise.  By  James  Gordon  MacGregor,  M.A., 
D.Sc,  Fellow  of  the  Royal  Societies  of  Edinburgh  and  of  Canada 
Munro  Professor  of  Physics  in  Dalhousie  Collie,  Halifax,  Nova 
Scotia.    With  Illustrations.  Crown  8vo.     lof.  &, 

Mcrriman.— ATEXT  book  of  the  method  of  least 

SQUARES.  By  Mansfield  Merrimai^  Professor  of  Civil 
Engineering  at  Lehigh  University,  Member  of  the  American 
PhUosophioLl  Socif  ty,  American  Association  for  the  Advancement 
of  Science,  &c    Demy  8vo.    8j.  6d. 

Millar — elements  of  descriptive  geometry.   By 

J.B.  Millar,  C.£.,  Assistant  Lecturer  in  Engineering  in  Owens 
Collie,  Manchester.     Second  Edition.     Crown  8yo.    6s, 

Milne. — Works  by  the  Rev.  John  J.  Milne,  M.A.,  Private  Tutor, 
late  Scholar,  of  St.  John's  College,  Camlmdge,  &c.,  &c.,  formerly 
Second  Master  of  Heversham  Grammar  School. 
WEEKLY  PROBLEM  PAPERS.  With  Notes  intended  for  the 
use  of  students  preparing  for  Mathematical  Scholarships,  and  for  the 
Junior  Members  of  the  Universities  who  are  reading  for  Mathematical 
Honours.  P.ott  8vo.  4s.  6d, 
SOLUTIONS   TO   WEEKLY    PROBLEM    PAPERS.     Crown 

8vo.     lar.  6d, 
COMPANION  TO  "WEEKLY  PROBLEM  PAPERS."    Crown 
8vo.     lor.  S(L 

Muir.— A  TREATISE  ON  THE  THEORY  OF  DETERMI- 
NANTS. With  graduated  sets  of  Examples.  For  use  in  Colleges 
and  Schools.  By  Thos.  Muir,  M.A.,  F.R.S.E.,  Mathematical 
Master  in  the  High  School  of  Glasgow.     Crown  Svo.     7j.  6d, 

Parkinson.— AN  elementary  treatise  on  me- 
chanics. For  the  Use  of  the  Junior  Classes  at  the  University 
and  the  Higher  Classes  in  Schools.  By  S.  Parkinson,  D.D,, 
F.R.S.,  Tutor  and  Pralector  of  St.  John's  College,  Cambridge. 
With  a  Collection  of  Examples.  Sixth  Edition,  revised.  Crown 
Svo.    9J.  6d, 

Pirie.— LESSONS  ON  rigid  dynamics.  By  the  Rev.  G. 
PlRiE,  M.A.,  late  Fellow  and  Tutor  of  Queen's  College,  Cam- 
bridge ;  Professor  of  Mathematics  in  the  University  of  Aberdeen. 
Crown  Svo.    6x. 

Pucklc— AN  ELEMENTARY  TREATISE  ON  CONIC  SEC- 
TIONS AND  ALGEBRAIC  GEOMETRY.  With  Numerous 
Examples  and  Hints  for  their  Solution ;  especially  designed  for  the 
Use  of  Beginners.  By  G.  H.  Puckle,  M.A.  Fifth  Edition, 
revised  and  enlarged.    Crown  Svo.     p*  (td. 
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RieUleaux.— THE  kinematics  of  AlACHll*fiRV.  Out. 
lines  of  a  Theory  of  Machines.  By  Professor  F.  Rkulxauz. 
Translated  and  Edited  by  Professor  A.  B.  W.  Kennedy,  F.R,S., 
C.E.    With  450  Illustrations.     Medium  8vo.    21s. 

Rice  and  Johnson DIFFERENTIAL   CALCULUS,   an 

Elementary  Treatise  on  the  ;  Founded  on  the  Method  of  Rates  or 
Fluxions.  By  John  Minot  Rick,  Professor  of  Mathematics  in 
the  United  States  Navy,  and  William  Woolsey  Johnson,  Pro- 
fessor of  Mathematics  at  the  United  States  Naval  Academy. 
Third  Edition,  Revised  and  Corrected.  Demy  8vo.  i&r. 
Abridged  Edition,  9^. 

'Robinson.— TREATISE  ON  MARINE  SURVEYING.  Pre- 
pared  for  the  use  of  younger  Naval  Officers.  With  Questions  for 
Examinations  and  Exercises  principally  from  the  Papers  of  the 
Royal  Naval  College.  With  the  results.  By  Rev.  John  L 
Robinson,  Chaplain  and  Instructor  in  the  Royal  Naval  College, 
Greenwich.     With  Illustrations.     Crown  8vo.    7^.  6ii, 

CoNTBNTt. — Symbols  used  in  Charts  and  Surveying— The  Cmistnietiiu&and  Use 
of  Scales— Laying  off  Angles— Fixing  Positions  by  Angles  —  Charts  aad  Chart- 
Drawing— Instruments  and  Observing — Base  Lines— Triangulation—Lcvelling- 
Tides  and  Tidal  Observations— Soundings— Quonometers—Meri^Kan  Distances 
•^Method  of  Plotting  a  Surviey—MisceUaneons  £xercises— Index. 

Routh. — Works  by   EDWARD   John    Routh,    D.Sc.,     LL.D., 

F.R.S.,  Fellow  of  the  Universi^  of  London,  Hon.  Fellow  of  St 

Peter's  College,  Cambridge. 
A  TREATISE  ON  THE  DYNAMICS  OF  THE  SYSTEM  OF 

RIGID   BODIES.      With  numerous   Exampflea.      Fourth   and 

enlarged  Edition.     Two  Vols.    8vo.    VoL  L— Elementary  Parts. 

14s,     Vol.  II.— The  Advanced  Parts,     14s. 
STABILITY   OF  A  GIVEN  STATE  OF  MOTION,    PAR- 

TICULARLY  STEADY  MOTION.    Adams'  Prise  Essay  for 

1877.    8vo.    8j.  6ii. 

Smith  (C). — Works  by  CHARLES  Smith,    M.A.,  Fellow  and 

Tutor  of  Sidney  Sussex  College,  Cambridge. 
CONIC  SECTIONS.   Fourth  Edition.     Crown  8vo.     Js.  6d. 
AN  ELEMENTARY  TREATISE  ON  SOLID  GEOMETRY 

Second  Edition.     Crown  8vo.    91.  6eL    (See  also  under  A/^gn^ra,) 

Tait  and  Steele.— a  TREATISE  ON  DYNAMICS  OF  A 
PARTICLE.  With  numerous  Examples.  By  Professor  Tait 
and  Mr.  Steelk.     Fifth  Edition,  revised.     Crown  8vo.     I2x. 

Thomson. — ^Works  by  J.  J.  Thomson,  FeUow  of  Trinity  ColI<5ge7 
Cambridge,  and  Professor  0^ Experimental  Physics  in  the  University. 

A  TREATISE  ON  THE  MOTION  OF  VORTEX  RINGS.  An 
Essay  to  which  the  Adams  Prize  was  adjudged  In  1882  in  the 
University  of  Cambridge.     With  Diagrams.     8vo.     6s, 

APPLICATIONS  OF  DYNAMICS  TO  PHYSICS  AND 
CHEMISTRY.     Crown  8vo.  [In  the  press. 
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Todhuntcr.— Works  by  I.  Todhun^r,  M^a.,  F.r:s.,  D.^, 

kte  of  St  Jolm's  CoU^e/ Cambridge. 

'*  Mr.  Todhanter  is  chiefly  known  to  students  of  Mathematics  as  the  author  of  a 
•cries  of  admirable  mathematical  text^books,  which  possess  the  rare  qualities  of  beinf 
clear  in  style  and  absolutely  free  ficom  mistakes,  typographical  and  other.  "^ 
Saturday  Rkvibw. 

MECHANICS  FOR  BEGINNERS.      With  numerous  Examples. 

New  Edition.     i8mo.    41.  6d. 
KEY  TO  MECHANICS  FOR  BEGINNERS.  Crown  8vo.  6s.  6d. 
A-N  ELEMENTARY  TREATISE    ON  THE   THEORY   OF 

EQUATIONS.    New  Edition,  revised.     Crown  8v®.     7^.  6d. 
PLANE  CO-ORDINATE  GEOMETRY,  as  applied  to  the  Straight 

Line  and  the  Conic  Sections.     With  numerous  Examples.     New 

Edition,  revised  and  enlarged.     Crown  8vo.     7j.  6d, 
KEY  TO  PLANE  CO  ORDINATE  GEOMETRY.     By  C.  W. 

Bourne,  M.A.  Head  Master  of  the  College,  Inverness.    Crown 

8va     loj.  6d. 
A  TREATISE  ON  THE  DIFFERENTIAL  CALCULUS.    With 

numerous  Examples.     New  Edition.     Crown  8vo.     lor.  6d, 
A  KEY  TO  DIFFERENTIAL   CALCULUS.     By  H.   ST.  J. 

Hunter,  M.A.    Crown  8vo.     10s,  6d, 
A  TREATISE  ON  THE  INTEGRAL  CALCULUS  AND  ITS 

APPLICATIONS.     With  numerous  Examples.      New  Edition, 

revised  and  enlarged.    Crown  8vo.     lor.  '6d. 
EXAMPLES  OF  ANALYTICAL  GEOMETRY  OF  THREE 

DIMENSIONS.     New  Edition,  revised.     Crown  8vo.    41. 
A  TREATISE  ON  ANALYTICAL  STATICS.     With  numerous 

Examples.    Fifth  Edition.     Edited  by  Professor  J.  D.  Everett, 

F.R.S.    Crown  8vo.     10*.  d</. 
A  HISTORY   OF   THE   MATHEMATICAL   THEORY   OF 

PROBABILITY,  from  the  time  of  Pascal. to  that  of  Laplace. 

8vo.    i8x. 
A  HISTORY  OF  THE  MATHEMATICAL  THEORIES  OF 

ATTRACTION,  AND  THE  FIGURE  OF  THE  EARTH, 

from  the  time  of  Newton  to  that  of  Laplace.    2  vols.    8vo.     24^. 
AN  ELEMENTARY  TREATISE  ON  LAPLACE'S,  LAME'S, 

AND  BESSEL'S  FUNCTIONS.     Crown  8vo.     lox.  6d. 
(See  also  under  Arithmetic  and McnsuraHon,  Algtbra^  and  Trigonomitry. ) 

Wilson  (J.  M.).— SOLID  GEOMETRY  AND  CONIC  SEC- 
TIONS.  With  Appendices  on  Transversals  and'Harmonic  Division. 
For  the  Use  of  Schools,  By  Rev.  J.  M.  Wilson,  M.A.  Head 
Master  of  Clifton  College.    New  Edition.  F>xtra  fcap.  8vo.  3^.  6d. 

Woolwich  Mathematical   Papers,  for  Admission  into 

the  Royal  Militaiy  Academy,  Woolwich,  1880—1884  inclusive 
Crown  8vo.     3j.  m. 
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Wolstcnbolme.— MATHEMATICAL  PROBLEMS,  o&  Sub- 
jects  included  in  the  First  and  Second  Difisdons  of  the  Schedule  of 
subjects  for  the  Cambridge  Mathematical  Tripos  Examination. 
Devised  and  arranged  by  Joseph  Wolstknholme,  D.Sc,  late 
Fellow  of  Christ's  College,  sometime  Fellow  of  St.  John's  College, 
and  Professor  of  Mathematics  in  the  Royal  Indian*  Bjjgineering 
College.  New  Edition,  greatly  enlarged.  8vo.  iSs. 
EXAMPLES  FOR  PRACTICE  IN  THE  USE  OF  SEVEN- 
FIGURE  LOGARITHMS.  By  the  same  Author.  [In Separatum, 


SCIENCE, 

(i)  Natural  Philosophy,  (2)  Astronomy,  (3) 
Chemistry,  (4)  Biology,  (5)  Medicine,  (6)  Anthro- 
pology, (7)  Physical  Geography  and  Geolo'^y,  (8) 
Agriculture. 

NATURAL  PHILOSOPHY. 

Airy. — Wprks  by  Sir  G.  B.  Airy,  K.C.B.,  formerly  Astronomer- 
Royal, 

ON  SOUND  AND  ATMOSPHERIC  VIBRATIONS.  With 
the  Mathematical  Elements  of  Masio.  pesigped  for  t)i9  Use  of 
Students  in  the  University.  Second  Edition,  revised  and  enlarged. 
Crown  8yo      gs, 

A  TREATISE  ON  MAGNETISM.  Designed  for  the  Use  of 
Students  in  the  University.     Crown  8vo.     Qf.  6d. 

GRAVITATION :  an  Elementary  Explanation  of  the  Principal  Per- 
turbations in  the  Solar  System.  Second  Edition.  Crown  8vo.  7^.  6d. 

Alexander  (T.).—eleme:ntary  applied  mechanics. 

Being  the<simpler  and.  more  practical  Cases  of  Stress  and  Strain 
wrought  out  individually  from  first  principles  by  means  of  £le< 
mentary  Mathematics.  By  T.  Albxander,  C.E.,  Professor  of 
Civil  Engineering  in  the  Imperial  College  of  Engineering,  Tokei, 
Japan.     Crown  Svo.     Part  I.     4J.  6</. 

Alexander  —  Thomson.  —  elementary    applied 

MECHANICS.  By  Thomas  Alexander,  C.E.,  Professor  of 
Engineering  in  the  Imperial  College  of  Engineering,  Tokei,  Japan; 
and  Arthur  Watson  Thomson,  C.E.,  B.Sc,  Professor  of 
Engineering  at  the  Royal  College,  Cirencester.  Part  II.  Trans- 
VRiiSB  Stress  ;  upwards  of  150  Diagrams,  and  2pQ  Examples 
carefully  worked  out.  Crown  8vo.  jOf.  diL 
Ball  (R.  S.).— EXPERIMENTAL  MECHANICS.  A  Cour»c  of 
Lectures  delivered  at  the  Royal  College  of  Science  for  Ireland. 
By  Sir  R.  S.  Ball,  M.  A.,  Astronomer  Royal  for  Ireland.  Or.  8vo. 
[New  and  Cheaper  Edition  in  the  press. 
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Bottomley.— FOUR-FIGURE  MATHEMATICAL  TABLES. 
Comprising  Logarithmic  and  Trigonometrical  Tables,  and  Tables 
of  Squares,  Square  Roots,  and  Reciprocals.  By  J.  T.  Bottomley, 
M.A.,  F.R.S.E.,  F.C.S.,  Lecturer  in  Natural  Philosophy  in  the 
Unirersity  of  Glasgow.     8yo.     Or.  6d, 

Chisholm.  — THE  SCIENCE  OF  WEIGHING  AND 
MEASURING.  AND  THE  STANDARDS  OF  MEASURE 
AND  WEIGHT.  By  H.  W.  Chisholm,  Warden  of  the  Standards. 
With  numerous  Illustrations.    Crown  8vo.   41.  6d,  (Nature  Series), 

Clausius.— MECHANICAL  THEORY  OF  HEAT.  By  R. 
Clausius.  Translated  by  Walter  R.  Browne,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge.     Crown  8vo.     lOf.  6d. 

CotteriU.— APPLIED  MECHANICS:  an  Elementary  General 
Introduction  to  the  Theory  of  Structures  and  Machines.  By 
James  H.  Cotterill,  F.R.S.,  Associate  Member  of  the  Council 
of  the  Institution  of  Naval  Architects,  Associate  Member  of  the 
Institution  of  Civil  Engineers,  Professor  of  Applied  Mechanics  in 
the  Royal  Naval  College,  Greenwich.     Mediimx  8vo.     i&r. 

Gumming.— AN  INTRODUCTION  TO  THE  THEORY  OF 
ELECTRICITY.  By  Linnaeus  Gumming,  M.A.,  one  of  the 
Masters  of  Rugby  SchooL  With  Illustrations.  Crown  8vo. 
Zs.  6d. 

Daniel!.— A  TEXT-BOOK  OF  THE  PRINCIPLES  OF 
PHYSICS.  By  Alfred  Daniell,  M.A.,  LL.B.,  D.Sc, 
F.R.S.E.,  late  Lecturer  on  Physics  in  tlie  Sdiool  of  Medicine, 
Edinburgh.  With  Illustrations.  Second  Edition.  Revised  and 
Enlarged.     Medium  8vo.     21s, 

Day. — ELECTRIC  LIGHT  ARITHMETIC.  By  R.  E.  Day, 
M.A.,  Evening  Lecturer  in  Experimental  Physics  at  King's 
College,  London.    Pott  8vo.    2s, 

Everett.- UNITS  and  physical  constants.  By  J.  D. 

Everett,  M.A.,  D.C.L.,  F.R.S.,  F.R.S.E.,  Professor  of 
Natural  Philosophy,  Queen'g  College,  Belfast.  Second  Edition , 
Extra  fcap.  8vo.     5j. 

Gray  .^ABSOLUTE  measurements  IN '.ELECTRICITY 
AND  MAGNETISM.  By  Andrew  Gray,  iM.A.,  F.R.S.E., 
Professor  of  Physics  in  the  University  College  of  North  Wales. 
Two  Vols.     Crown  8vo.     Vol.  I.  [Immediately, 

G  reaves. — statics  for  beginners.  By  John  Greaves, 
M.A.,  Fellow  and  Mathematical  Lecturer  of  Christ's  College, 
Cambridge.  [In  preparation. 

Grove.— A  dictionary  of  music  and  musicians. 

(a.d.  1450— 1886).     By  Eminent  Writers,  English  and  Foreign. 
Edited  by  Sir  George  Grove,  D.C.L.,  Director  of  the  Royal 
College  of  Music,  &c    Demy  8vo. 
Vols.  I.,  II.,  and  III.     Price  21X.  each. 
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Grove — conHfnui. 

VoL  I.  A  to  IMPROMPTU.     VoL  H.   IMPROPERIA  to 

PLAIN   SONG.       VoL   IIL    PLANCHE    TO    SUMER    IS 

ICUMEN  IN.      Demy  8vo.  doth,   with  Illustrations  in  Music 

Type  and  Woodcut.    Also  published  in  Parts.     Parts  I.  to  XIV., 

Parts  XIX— XXII.,  price  3^.  6/.  each.   Parts  XV.,  XVL,  price  ^s. 

Parts  XVIL,  XVIII.,  price  V- 

•^*  (Part  XXII.)  just  published,  completes  the  Dictionary  of 

Music  and  Musicians  as  originaUy  contemplated.    But  an  Appendix 

and  a  full  general  Index  are  in  the  press. 

"  Dr.  GroTe's  Dicdonary  wUl  be  a  boon  to  vnxj  iotel^2ellt  loTer  of  imuie.**— 
Saturday  Rxyikw. 

Huxley.— INTRODUCTORY  PRIMER  OF  SCIENCE.  Bj  T. 
H.  Huxley,  F.R.S.,  &c.    i8mo.     u. 

Ibbetson.— THE  mathematical  theory  of   per- 

FECTLY  ELASTIC  SOLIDS,  with  a  Short  Account  of  Viscous 

Fluids.     An  Elementary  Treatise.     By  William  John  IbbktsoH, 

B.A.,  F.R.A.S.,  Senior  Scholar  of  Clare  College,  Cambridge.  8vo. 

Price  7.15, 
Jones.— EXAMPLES  IN  PHYSICS.     By  D.  E.  Jones,  B.Sc. 

Lecturer  in  Physics  in  University  College,  Aberystwith.    Fcap.STo. 

[in  the  press* 
Kempe. — how  to  draw  a  straight  LINE;  a  Lecture 

on  Linkages,     By  A.  B.  Kempe.     With  Illustrations.     Crown 

8vo.     I  J.  6^     {Nature  Series,) 

Kennedy.— THE  mechanics  of  machinery.  By  A.  B. 

W.  Kennedy,  F. R.S.,  M.Inst. C.E.,  Professor  of  Engineenng  and 
Mechanical  Technology  in  University  College,  Ix>ndon.  With 
numerous  Illustrations.     Crown  8vo.     I2J.  6d, 

Lang.— EXPERIMENTAL  PHYSICS.  By  P.  R.  Scott  Lano. 
M.  A.,  Professor  of  Mathematics  in  the  University  of  St.  Andrews. 
With  Illustrations.     Crown  8vo.  [In  the  press. 

LfOCk. — Works  by  Rev.  J.  B.  Lock,  M.  A.,  Senior  Fellow,  Assistant 
Tutor,  and  Lecturer  in  Mathematics  and  Physics,  of  Gonville  and 
Caius  College,   Teacher  of  Physics  in  the  University  of  Cam- 
bridge, &C. 
DYNAMICS  FOR  BEGINNERS.    Globe  8vo.     3*.  ^* 
STATICS  FOR  BEGINNERS.     Globe  8vo.      ^    ^n preparaHon, 

Lodge.— MODERN  VIEWS  OF  ELECTRICITY.  By  Olivee 
J.  Lodge,  F.R.S.,  Professor  of  Physics  in  University  College, 
Liverpeol.     Illustrated.     Crown  8 vo.  [In  preparation. 

Lupton.— NUMERICAL  TABLES  AND  CONSTANTS  IN 
ELEMENTARY  SCIENCE.  By  Sydney  Lupton,  M.A, 
F.C.S.,  F.I.C.,  Assistant  Master  at  Harrow  SchooL  Extra  fcap, 
8vo»     Si.  6^. 

Macfarlane,— PHYSICAL  arithmetic.  By  Alexander 
Macfarlans,  D.Sc,  Examiner  in  Mathematics  in  the  Univenity 
•f  Edinburgh.    Crown  8vo.    7^.  ^ 
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Macgregor.— KINEMATICS  and  dynamics.  An  Ele- 
mentary Treatise.  By  James  Gordon  Macgregor,  M.A.,  D.  Sc, 
Fellow  of  the  Royal  Societies  of  Edinburgh  and  of  Canada,  Mnnro 
Professor  of  Physics  in  Dalhousie  College,  Halifax,  Nova  Scotia. 
With  Illustrations.    Crown  8vo.     los.  6d, 

Mayer. — SOUND  j  a  Series  of  Simple^  Entertaining,  and  Inex- 
pensive Experiments  in  the  Phenomena  of  Sound,  for  the  Use  of 
Students  of  every  age.  ,By  A.  M.  Mayer,  Professor  of  Physics 
in  the  Stevens  Institute  of  Technology,  &c  With  numerous 
Illustrations.     Crown  8vo.     2s,  6d,     {Nature Series) 

Mayer  and  Barnard.— LIGHT:  a  Series  of  Simple,  Enter- 
taining, and  Inexpensive  Experiments  in  the  Phenomena  of  Light, 
for  the  Use  of  Students  of  every  age.     By  A.  M.  Mayer  and  C. 
Barnard.     With  numerous  Illustrations.     Crown  8vo.    2J.  6d, 
{Nature  Series.) 

Newton.— PRINCIPIA.  Edited  by  Professor  Sir  W.  Thomson 
and  Professor  Blackburnb.  4to,  cloth.  31^.  6d, 
THE  FIRST  THREE  SECTIONS  OF  NEWTON'S  PRIN- 
CIPIA.  With  Notes  and  Illustrations.  Also  a  Collection  of 
Problems,  principally  intended  as  Examples  of  Newton's  Methods. 
By  Percival  Frost,  M.A.     Third  Edition.     8vo.     izr. 

Parkinsoa— A  treatise  on  optics.  By  S.  Parkinson, 
D.D.,  F.R.S.,  Tutor  and  Pralector  of  St.  John's  College,  Cam- 
bridge. Fourth  Edition,  revised  and  enlarged.  Crown  8vo.  lOf.  6d, 

Perry.— STEAM,    an  elementary  treatise.     By 

John  Perry,  C.E.,  Whitworth  Scholar,  Fellow  of  the  Chemical 
Society,  Professor  of  Mechanical  Engineering  and  Applied  Mech- 
anics at  the  Technical  College,  Finsbuiy.  With  numerous  Wood- 
cuts and. Numerical  Examples  and  Exercises.     i8mo.    4;.  6d, 

Ramsay.— experimental   proofs   of   chemical 

THEORY  FOR  beginners.  By  William  Ramsay,  Ph.  D., 
Professor  of  Chemistry  in  University  College,  Bristol  Pott  8vo. 
2s,  6d. 
Rayleigh.— THE  THEORY  OF  SOUND.  By  Lord  Rayleioh, 
M.A.,  F.R.S.,  formerly  Fellow  of  Trinity  College,  Cambridge, 
8vo.     VoL  I.  I2J.  6d.     Vol.  II.  12s,  6d.      [Vol,  IIL  in  the  press. 

Rculeaux.— THE  kinematics  of  machinery.    Out. 

lines  of  a  Theory  of  Machines.  By  Professor  F.  Reuleaux. 
Translated  and  Edited  by  Professor  A.  B.  W.  Kennedy,  F.R.S., 
C.E.  With  450  Illustrations.  Medium  8vo.  21J. 
Roscoe  and  Schuster.— spectrum  analysis.  Lectures 
delivered  in  1868  before  the  Society  of  Apothecaries  of  London. 
By  Sir  Henry  E.  Roscoe,  LL.D.,  F.R.S.,  formerly  Professor  of 
Chemistry  in  the  Owens  College,  Victoria  University,  Manchester. 
Fourth  Edition,  revised  and  considerably  enlarged  by  the  Author 
and  by  Arthur  Schuster,  F.R.S.,  Ph.D.,  Professor  of  Applied 
Mathematics  in  the  Owens  Collide,  Victoria  University. 
With  Appendices,  numerous  Illastrations,  and  Plates.     Medium 

Svr>.    air. 
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Shana— AN  elementary  treatise  on  heat,  in 

RELATION  to  STEAM    AND   THE    STEAM-ENGINE. 
By  G.  Shann,  M.A.     With  Illustrations.     Crown  8vo.     ^.  6d. 

Spottiswoode.— POLARISATION  OF  LIGHT.  By  the  late 
W.  Spottiswoode,  F.R.S.  With  many  Illustrations.  New 
Edition.     Crown  8vo.     3^.  Sd,     {Nature  Sena.) 

Stewart  (Balfour). — Works  by  Balfour  Stewart,  F.R.S., 
late  Professor  of  Natural  Philosophy  in  the  Owens  College,  Victoria 
University,  Manchester. 
PRIMER  OF  PHYSICS.     With  numerous  Illustrations.      New 
Edition,  with  Questions.     iSmo.     I  J.     (Science  JPrimefs,) 

LESSONS  IN  ELEMENTARY  PHYSICS.  With  munerons 
Illustrations  and  Chromolitho  of  the  Spectra  of  the  Siui|  Stars^ 
and  Nebula.     New  Edition.     Fcap.  8vo.     41.  6d, 

QUESTIONS  ON  BALFOUR  STEWARTS  ELEMENTARY 
LESSONS  IN  PHYSICS.  By  Prof.  THOMAS  H.  CORE,  Owens 
CoII^[e,  Manchester.     Fcap.  8vo.     2s, 

Stewart  and  Gee.— ELEMENTARY  PRACTICAL  PHY-' 
SICS,  LESSONS  IN.    By  Balfour  Stewart,  M.A.,  LL.D., 
F.R.S.,  and  W.  W.  Haldane  Gee,  B.Sc.     Crown  8vo. 
Vol.  L— GENERAL  PHYSICAL  PROCESSES,    6s. 
Vol.  IL— ELECTRICITY  AND  MAGNETISM.     7j.  6d. 
Vol.  IIL— OPTICS,  HEAT,  AND  SOUND.       [In  the  press. 
PRACTICAL  PHYSICS  FOR  SCHOOLS  AND  THE  JUNIOR 
STUDENTS  OF  COLLEGES.     By  the  same  Authors. 
Vol.  L— ELECTRICITY  AND  MAGNETISM,    fti.  Sd. 

Stokes. — ON  LIGHT.  Being  the  Burnett  Lectures,  delivered  in 
Aberdeen  in  1883,  1884-1885.  By  George  Gabriel  Stokes, 
M.A.,  P.RS.,  &C.,  Fellow  of  Pembroke  College,  and  Lucasiao 
Professor  of  Mathematics  in  the  University  of  Cambridge.  First 
Course :  On  the  Nature  of  Light.—  Second  Course  !  On 
Light  as  a  Means  of  Investigation. — Third  Course :  On  the 
Beneficial  Effects  OF  Light.  Crown  8vo.  2j.  6^.  eadh.  Also 
complete  in  one  volume.     7^.  6d. 

Stone.— AN  ELEMENTARY  TREATISE  ON  SOUND.  By 
W.  H.    Stone,  M.D.     With  Illustrations.     i8mo.     y,  6d. 

Tait— HEAT.  By  P.  G.  Tait,  M.A.,  Sec.  R.S.E.,  formerly 
Fellow  of  St.  Peter's  College,  Cambridge,  Professor  of  Natural 
Philosophy  in  the  University  of  Edinburgh.     Crown  8vo.     6s. 

Thompson.—ELEMENTARY  LESSONS  IN  ELECTRICITY 
AND  MAGNETISM.  By  SiLVANUS  P.  Thompson,  Principal 
and  Professor  of  Physics  in  the  Technical  College,  Finsbury.  With 
lUastrations.  New  Edition,  Revised.  Twenty-Eighth  Thousand, 
Fcap.  8vo.    4r.  6d. 
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Thomson,  Sir  W.— electrostatics  ani>  mag- 
netism, REPRINTS  OF  PAPERS  ON.  By  Sir  William 
Thomson,  D.C.L.,  LL.D,,  F.R.S.,  F.R.S.E.,  Fellow  of  St. 
Peter's  College,  Cambridge,  and  Professor  of  Natural  Philosophy 
in  the  University  of  Gb«gow.  Second  Edition.  Medium  8vo. 
iSs, 
Thomson,  J.  J.— THE  MOTION  OF  VORTEX  RINGS,  A 
TREATISE  ON.  An  Essay  to  which  the  Adams  Prize  was 
adjudged  in  1882  in  the  University  of  Cambridge.  By  J.  J. 
Thomson,  Fellow  of  Trinity  College,  Cambridge,  and  Professor  of 
Experimental  Physics  in  the  University.  With  Diagrams.  8vo.  6s, 
APPLICATIONS  OF  DYNAMICS  TO  PHYSICS  AND 
CHEMISTRY.     By  the  same  Author.     Crown  8vo. 

[/ff  t^  press, 
Todhunter.— NATURALPHILOSOPHY  FOR  BEGINNERS. 
By  I.  Todhunter,  M.A.,  F.R.S.,  D.Sc. 
Part  I.  The  Properties  of  Solid  and  Fluid  Bodies.     l8mo.     3^.  6d, 
Part  tl.  Sound,  Light,  and  Heat     i8mo.     3^.  6d. 

Turner.— HEAT  AND  electricity,  a  collection  of 

EXAMPLES  ON.  By  H.  H.  Turner,  B.  A.,  FeUow  of  Trinity 
College,  Cambridge.  Crown  8vo.  2s,  6d. 
Wright  (Lewis).  —  LIGHT ;  A  COURSE  OF  EXPERI- 
MENTAL  OPTICS,  CHIEFLY  WITH  THE  LANTERN. 
By  Lewis  Wright.  With  nearly  200  Engravings  and  Coloured 
Plates.     Crown  8vo.    7^.  6d. 

ASTRONOMY. 

Airy.— POPULAR  ASTRONOMY.  With  Illustrations  by  Sit 
G.  B.  Airy,  K.C.B.,  formerly  Astronomer-Royal.  New  Edition. 
i8mo.     4r.  6d, 

Forbes.— TRANSIT  OF  VENUS.  Bv  G.  Forbes,  M.A., 
Professor  of  Natural  Philosophy  in  the  Andersonian  University, 
Glasgow.     Illustrated.     Crown  8vo.     3^.  6d»     {Nature  Series,) 

Godfray. — ^Works   by    Hugh    Godfkay,    M.A.,    Mathematical 
Lecturer  at  Pembroke  College,  Cambridge. 
A  TREATISE  ON  ASTRONOMY,  for  the  Use  of  Colleges  and 

Schools.     Fourth  Edition.     8vo.     I2j.  6d, 
AN  ELEMENTARY  TREATISE  ON  THE  LUNAR  THEORY, 
with  a  Brief  Sketch  of  the  Problem  up  to  the  time  of  Newton. 
Second  Edition,  revised.     Crown  8vo.     5j.  6^?! 

Lockyer. — Works  by  J.  NoRMAN  LOCKYER,  F.R.S. 
PRIMER    OF    ASTRONOMY.       With    numerous    Illustrations. 
New  Edition.     i8mo.     is,     (Science  Primers,) 

'  ELEMENTARY  LESSONS  IN  ASTRONOMY.  With  Coloured 
Diagram  of  the  Spectra  of  the  Sun,  Stars,  and  Nebulae,  and 
numerous  Illustrations.    New  Edition.    Fcap.  8vo.     ^s,  6d, 
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LtOcVjtT—amtinMed. 

QUESTIONS  ON  LOCKYER'S  ELElilENTARY  LESSONS  IN 
ASTRONOMY.    For  the  Use  of  Schcls.    By  John  Forbks- 
RoBXRTSON.     i8mo,  cloth  limp      u,  t'J, 
THE  CHEMISTRY  OF  THE  SUN.  With  lUiistratioM.  8vo-   14s. 
Newcomb.— POPULAR  astronomy.     By  S.   NswcoifB, 
LL.D.,  Professor  U.S.  Naval  Observatory.   With  112  Illustrations 
and  5  Maps  of  the  Stars.     Second  Edition,  revised.    8vo.     iSf. 
"  It  is  unlike  anything  else  of  its  kind,  and  will  be  of  more  nse  in  circulatiiiff  a 
knowledge  of  Astronomy  than  nine-tenths  of  the  books  which  have  appeared  on  torn 
subject  of  hue  yeark"— Saturday  Rbvibw. 

CHEMISTRY. 

Armstrong.— A  manual  of  inorganic  chemistry. 

By  Henry  Armstrong,  Ph.D.,  F.R.S.,  Professor  of  Chemistry 
in  the  City  and  Guilds  of  London  Technical  Institute.    Crown  8vo. 

Cohen.— THE    OWENS    COLLEGE   COURSE    OF    PRAC- 
TICAL ORGANIC  CHEMISTRY.    By  Julius  B.  Corkn, 
Ph.D.»    F.C.S.,  Assistant  Lecturer  on  Chemistry  in  the  Owens 
College,  Manchester.    With  a  Preface  by  Sir  Henry  Roscoe, 
F.R.S.,  and  C.  Schorlemmer,  F.R.S,     Fcap,  8vo.  zs.  6d, 
Cooke.— ELEMENTS  OF  CHEMICAL  PHYSICS.     By  Josiah 
P.  Cooke,  Tunr.,  Erving  Professor  of  Chemistry  and  Mineralogy 
m  Harvard  University.     Fourth  Edition.     Royal  8vo.     21s, 
Fleischer.— A    SYSTEM    OF  volumetric    ANALYSIS. 
By  Emil  Fleischer.      Translated,  with  Notes  and  Additions, 
from  the  Second  German  Edition  by  M.  M.  Pattison   Muik, 
F.R.S.E.     With  Illustrations.     Crown  8vo.     71. 6</. 
Frankland.— AGRICULTURAL    CHEMICAL  ANALYSIS, 
A  Handbook   of.    By  Percy  Faraday  Frankland,  Ph.D., 
B.Sc,  F.C.S.   Associate  of  the  Royal   School  of  Mines,   and 
Demonstrator  of  Practical  and    Agricultural  Chemistry  in  the 
Normal  School  of  Science  and  Royal  School  of  Mines,  South 
Kensington  Museum.    Founded  upon  Leitfadm  fur  die  Agriculture 
Chemicke  Analyse,  von  Dr.  F.  Krocker.     Crown  8vo.     7j.  &/. 

Hartley.— A  COURSE  OF  quantitative  analysis 

FOR  STUDENTS.  By  W.  Noel  Hartley,  F.R.S.,  Professor 
of  Chemistry,  and  of  Applied  Chemistry,  Science  and  Art  Depart- 
ment, Royal  Collie  of  Science,  Dublin.     Globe  8vo.     5^. 

HiomS.  —  A    TEXT-BOOK     OF     METALLURGY    AND 
ASSAYING.     By  A.  H.  HiORNS.     IllusUated.     Globe  8vo. 

[In  the^ets. 

Jones. — Works  by  Francis  Jones,  F.R.S.K,  F.C.S.,  Chemical 
Master  in  the  Grammar  School,  Manchester. 
THE   OWENS   COLLEGE   JUNIOR   COURSE   OF   PRAC 
TICAL  CHEMISTRY.    With  Preface  by  Sir  Henry  Roscoe, 
F.R.S.,  and  lUustrations.    New  Edition.     i8mo.    2j.  6^. 
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Jones — continued. 

QUESTIONS  ON  CHEMISTRY.  A  Serici  of  Problemi  and 
Exercises  in  Inorganic  and  Organic  Chemistry.     Fcap.  8vo.    31, 

Landauer.— BLOWPIPE  analysis.     By  j.  Landaubb. 

Authorised  English  Edition  by  J.  Taylor  and  W.  E.  Kay,  of 
Owens  College,  Manchester.     Extra  fcap.  8yo.    41.  6d, 

Lupton. — CHEMICAL  ARITHMETIC.  With  1,200  Problems. 
By  SVDNEY  Lupton,  M.A.,  F.C.S.,  F.LC,  formerly  Assistant- 
Master  at  Harrow.  Second  Edition,  Revised  and  Abridged. 
Fcap.  8vo.    41.  6d. 

Mcldola.— PHOTOGRAPHIC  CHEMISTRY.  By  Raphael 
Mkldola,  Professor  of  Chemistry  in  the  Technical  College, 
Finsbury.     Crown  8vo.  [In  preparation, 

Muin— PRACTICAL  CHEMISTRY  FOR  MEDICAL  STU- 
DENTS. Specially  arranged  for  the  first  M.B.  Course.  By 
M.  M.  Pattison  Muir,  F.R.S.E.    Fcap.  8vo.     is,  6d, 

Muir  andlWilson. — the  elements  of  thermal 
CHEMISTRY.  By  M.  M.  Pattison  Muir,  M.A.,  F.R.S.E., 
Fellow  and  Prselector  of  Chemistry  in  Gonville  and  Caius  College, 
Cambridge ;  Assisted  by  David  Muir  Wilson.  %so,  12s.  67. 
Rem  sen. — Works  by  iRA  Remsen,  Professor  of  Chemistry  in  (he 
Johns  Hopkins  University. 

COMPOUNDS  OF  CARBON  ;  or,  Organic  Chemistry,  an  Intro- 
duction to  the  Study  of.     Crown  8vo.     6s,  6d, 

AN  INTRODUCTION  TO  THE  STUDY  OF  CHEMISTRY 
(INORGANIC  CHEMISTRY).     Crown  8vo.     6f.  6d. 

THE    ELEMENTS    OF    CHEMISTRY.      A    Text   Book    for 
Beginners.     Fcap.  8vo.    2j.  6d, 
RoSCOe. — Works  by  Sir  Henry  E.  Roscoi,  F.R.S.,  fomicily 
Professor  of  Chemistry  in  the  Victoria  Univeriity  the  Owens  CoUeg':, 
Manchester. 

PRIMER  OF  CHEMISTRY.  With  numerous  Illustrations.  New 
Edition.    With  Questions,     i8mo.     is,    {Science  Primers,) 

LESSONS  IN  ELEMENTARY  CHEMISTRY,  INORGANIC 
AND  ORGANIC.  With  numerous  Illustrations  and  Chromolitho 
of  the  Solar  Spectrum,  and  of  the  Alkalies  and  Alkaline  F^arths. 
New  Edition.     Fcap.  8vo.    41.  6d,    {See  under  Thorps.) 

Roscoe  and  Schorlemmer.— inorganic  AND  OR- 
GANIC CHEMISTRY.  A  Complete  Treatise  on  Inorganic  and 
Organic  Chemistry.  By  Sir  Henry  E.  Roscoe,  F.R.S.,  and  Prof. 
C.  Schorlemmer,  F.R.S.     With  Illustrations.  Medium  8yo. 

Vols.  L  and  II.— INORGANIC  CHEMISTRY. 

Vol.  I.— The  Non-Metallic  Elements.  21s,  VoL  IL  Part  I.— 
Metals.     lar.    Vol.  II.  Part  IL— Metals.     18/. 

Vol.  IIL— ORGANIC  CHEMISTRY. 
THE  CHEMISTRY  OF  THE  HYDROCARBONS  and  their 
DerinttiTei,    or   ORGANIC  CHEMISTRY.     With  numerous 
ninstratioDf.    Four  Parts.    Parti  I„  II.,  and  IV.    21/,  cad 
Part  IIL    18/. 
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Thorpe.— A  SERIES  OF  CHEMICAL  PROBLEMS,  prepared 
with  Special  Reference  to  Sir  H.  E.  Roscoe's  Lessons  in  Elemen- 
tary ChemistTy,  by  T.  E.  Thorp*,  Ph.D.,  F.R.S.,  Professor  of 
Chemistry  in  the  Normal  School  of  Science,  South  Kensington, 
adapted  for  the  Preparation  of  Students  for  the  GoTemment, 
Science,  and  Society  of  Arts  Examinations.  With  a  Preface  by  Sir 
HknryE.  RoscoB,  F.R.S.    New  Edition,  with  Key.    i8mo.    2s. 

Thorpe  and  Riicker.— a  TREATISE  ON  CHEMICAL 
PHYSICS.  By  T.  E.  Thorp*,  Ph.D.,  F.R.S.  Professor  of 
Chemistry  in  the  Normal  School  of  Science,  and  Professor  A.  W. 
RucKER.    Illustrated.    8vo.  [In  prepdration. 

Wright.— METALS  AND  THEIR  CHIEF  INDUSTRIAL 
APPLICATIONS.  By  C.  Aldkr  Wright,  D.Sc,  &c.. 
Lecturer  on  Chemistry  in  St  Mary's  Hospital  Medical  SchooL 
Extra  fcap.  8to.    3/.  6d. 

BIOLOGY. 

Allen.— ON  THE  COLOUR  OF  FLOWERS,  as  IHuttrated  in 
the  British  Flora.  By  Grant  Allen.  With  Illustrations. 
Crown  8vo.    31.  6d,     {Nature  Series.) 

Balfour.  — A  treatise  on  comparative  embry. 

OLOGY.  By  F.  M.  Balfour,  M.A.,  F.R.S.,  Fellow  and 
Lecturer  of  Trinity  College,  Cambridge.  With  Illustrations. 
Second  Edition,  reprinted  without  alteration  from  the  First 
Edition.     In  2  vols.     8vo.     Vol.  I.  i&f.     Vol.  11.  2IJ. 

Balfour  and  Ward.— a  general  text  BOOK  OF 
botany.  By  Isaac  Bayley  Balfour,  F.R.S.,  Professor  of 
Botany  in  the  University  of  Edinburgh,  and  H.  Marshall  Ward, 
Fellow  of  Christ's  College,  Cambridge,  and  Professor  of  Botany 
in  the  Royal  Indian  Engineering  College,  Cooper's  Hill.    8vo. 

[In  prepareUion^ 

Bettany.— FIRST  lessons  in  practical  botany! 

By  G.  T.  Bkttany,  M.A.,  F.L.S.,  formerly  Lecturer  in  Botany 
at  Guy's  Hospital  Medical  School.     i8mo.     is. 

Bower— Vines.— A  course  of  practical  instruc- 

TION  IN  BOTANY.  By  F.  O.  BowRR,  M.A..  F.L.S., 
Professor  of  Botany  in  the  University  of  Glasgow,  and  Sydney 
H.  Vines,  M. A.,  D.Sc,  F.R.S.,  Fellow  and  Lecturer,  Christ's 
Collie,  Cambridge.  With  a  Preface  by  W.  T.  Thiselton 
Dyer,  M.A.,  C.M.G.,  F.R.S.,  F.L.S.,  Director  of  the  Royal 
Gardens,  Kew.     Crown  8vo. 

Part  L—PHANEROGAMi^— -PTERIDOPHYTA.  6j.  Part 
IL— BRYOPHYTA— THALLOPHVTA.     4J.  6d, 

Darwin  (Charles).— memorial  notices  ofcharles 

DARWIN,  F.R.S.,  &c  By  Thomas  Henry  Huxley,  F.R.S., 
G.  J.  Romanes,  F.R.S.,  Archibald  Geikie,  F.R.S.,  and 
W.  T.  Thiselton  Dyer,  F.R.S.  Reprinted  from  Nature. 
With   a  Portrait,    engraved    by    C.    H.    Jeens.     Crown   8?o. 
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Fcarnley.— A  manual  of  elementary  practical 

HISTOLOGY.  By  William  Fearnlky.  With  Illustrations, 
Crown  8vo.  Is,  6d. 

Flower  and  Gadow. — an  INTRODUCTION  TO  THE 
OSTEOLOGY  OF  THE  MAMMALIA.  By  William  Henry 
Flower,  LL.D.,  F.R.S.,  Director  of  the  Natural  History  De- 
partments of  the  British  Museum,  late  Hunterian  Professor  of 
Comparative  Anatomy  and  Physiology  in  the  Royal  College  of 
Surgeons  of  England.  With  numerous  Illustrations.  Third 
Edition.  Revisea  viith  the  assistance  of  Hans  Gadow,  Ph.D., 
M.  A.,  Lecturer  on  the  AdTanced  Morphology  of  Vertebrates  and 
Strickland  Curator  in  the  University  of  Cambridge.  Crown  8yo. 
los,  td. 

Foster, — Works  by  Michael  Foster,  M.D.,  Sec  R.S.,  Professor 
of  Phyiiolo|^  in  tiie  University  of  Cambridge. 
PRIMER    OF   PHYSIOLOGY.      With  numerous  Illustrations. 

New  Edition.     i8mo.    u, 
A  TEXT-BOOK  OF  PHYSIOLOGY.    With  lUustrations.  Fourth 
Edition*  revised.    $vo.    2is, 

Foster  and  Balfour.--THE   elements  of  embry- 

OLOGY.  By  Michael  Foster,  M.A.,  M.D.,  LL.D.,  Sec.  R.S., 
Professor  of  physiology  in  the  University  of  Cambridge,  Fellow 
of  Trinity  College,  Cambridge,  and  the  late  Francis  M.  Balkour, 
M.A.,  LL.D.,  F.R.S.,  FeUow  of  Trinity  College,  Cambridge, 
and  Professor  of  Animal  Morphology  in  die  University.  Second 
Edition,  revised.  Edited  by  Adam  Sedgwick,  M.A.,  Fellow 
and  Assistant  Lecturer  of  Trinity  College,  Cambridge,  and  Walter 
Heape,  Demonstrator  in  the  Morphological  Laboratory  of  the 
University  of  Cambridge.  With  Illustiations.  Crown  Svo.  lOf.  6d. 

Foster  and  Langley.— a  course  OF  elementary 
PRACTICAL  PHYSIOLOGY.  By  Prof.  Michael  Foster, 
M.D.,  Sec.  R.S.,  &c.,  and  J.  N.  Langley,  M.A.,  F.R.S.,  Fellow 
of  Trinity  College,  Cambridge.   Fifth  Edition.   Crown  Svo.  ^s.  6d. 

Qamgee.— A  text-book  of  the  physiological 

CHEMISTRY  OF  THE  ANIMAL  BODY.  Including  an 
Account  of  the  Chemical  Changes  occurring  in  Disease.  By  A. 
Gamgee,  M.D.,  F.R.S.,  formerly  Professor  of  Physiology  in  the 
Victoria  University  the  Owens  College,  Manchester.  2  Vols.  Svo. 
With  Illustrations.    Vol.  I.     i8j.  {VoL  II.  in  the  press. 

Gray.— STRUCTURAL  BOTANY,  OR  ORGANOGRAPHY 
ON.  THE  BASIS  OF  MORPHOLOGY.  To  which  are  added 
the  principles  of  Taxonomy  and  Phytography,  and  a  Glossary  of 
Botanical  Terms.    By  Professor  Asa  Gray,  LL.D.    Svo.   lOtf.  &/. 

Hamilton.— A  practical  text-book  of  patho- 
logy. By  D.  T.  Hamilton,  Professor  of  Pathological  Anatomy 
(Sir  Erasmus  Wilson  Chair),  University  of  Aberdeen,    txo, 
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Hooker .-^Woria  by  Sir  J.  D.  Kootts,  K.C.S.L,  C.B.,  M.D.i 

F  R  S    D*C  L 
PRIMER  OF  BOTANY.     With  nnmerous  lUustrations.      New 

Edition.     i8mo.     is,     {Science  Primes.) 
THE  STUDENT'S  FLORA   OF  THE  BRITISH  ISLANDS. 

Third  Edition,  revised.     Globe  8vo.     los,  6d. 
Howes.— AN    ATLAS    OF    PRACTICAL    ELEMENTARY 

BIOLOGY.     By  G.  B.  Howes,  Assistant  Professor  of  Zoology, 

Normal  School  of  Science  and  Royal  School  of  Mines.     With  a 

Preface  by  Thomas  Henry  Huxley,  F.R.S.  Royal  4to.  14J. 
Huxley. — Works  by  Thomas  Henry  Huxley,  F.R.S. 
INTRODUCTORY    PRIMER    OF    SCIENCE.       i8mo.       is. 

{Science  Primers.) 
LESSONS  IN  ELEMENTARY  PHYSIOLOGY.  With  numerous 

Illustrations.     New  Edition  Revised.     Fcap.  8vo.     4^.  6d, 
QUESTIONS  ON  HUXLEY'S  PHYSIOLOGY  FOR  SCHOOLS. 

By  T.  Alcock,  M.D.     New  Edition.     i8mo.     is,  6d, 

Huxley  and  Martin.— a  COURSE  OF  PRACTICAL  IN- 
STRUCTION IN  ELEMENTARY  BIOLOGY.  By  T.  H. 
HuxLKY,  F.R.S.,  LL.D.,  assisted  by  H.  N.  Martin,  M.A., 
M.B.,  D:Sc,  F.R.S.,  Fellow  of  Christ's  College,  Cambridge. 
New  Edition,  revised  and  extended  by  G.  B.  Howes,  Assistant 
Professor  of  Zoology,  Normal  School  of  Science,  and  Royal  School 
of  Mines,  and  D.  H.  Scott,  M.A.,  Fh.D.,  Assistant  Professor  of 
Botany,  Nonnal  School  of  Science,  and  Royal  School  of  Mines. 
New  Edition,  thoroughly  revised.  With  a  Preface  by  T.  H. 
HuXLSY,  F.R.S.     Crown  Svo.     10s.  6d, 

Kane.— EUROPEAN  butterflies,  a  HANDBOOK  OF. 
By  W.  F.  Db  ViSMSS  Kane,  M.A.,  M.R.LA.,  Member  of  the 
Entomological  Society  of  London,  &c.  With  Copper  Plate  Illustra- 
tions. Crown  Svo.  lor.  6d» 
A  LIST  OF  EUROPEAN  RHOPALOCERA  WITH  THEIR 
VARIETIES  AND  PRINCIPAL  SYNONYMS.  Reprinted 
from  the  Handbook  of  European  Butterflies.     Crown  Svo.     is. 

Klein.— MICRO-ORGANISMS  AND  DISEASE.  An  Intro- 
duction into  the  Study  of  Specific  Micro-Oiganisms.  By  E. 
Klein,  M.D.,  F.R.S,,  Lecturer  on  General  Anatomy  and  Physio- 
logy in  the  Medical  School  of  St.  Bartholomew's  Hospital,  London. 
With  121  Illustrations.  Third  Edition,  Revised.  Crown  Svo.  6j. 
THE  BACTERIA  IN  ASIATIC  CHOLERA.  By  the  Same. 
Crown  Svo.  [In  preparation. 

Lahkester. — Works  by  Professor  E.  RAY  Lankester,  F.R.S. 
A  TEXT  BOOK  OF  ZOOLOGY.     Svo.  [In  preparation. 

DEGENERATION :  A  CHAPTER  IN  DARWINISM.     lUus- 
trated.    Crown  Svo.     ^,6d,     {Nature  Series.) 

Lubbock. — Works  by  Sir  John  Lubbock,  M.P.,  F.R.S.,  D.C.L. 
THE    ORIGIN    AND    METAMORPHOSES    OF    INSECTS. 
With  numerous  Illustration^.    New  Edition.    Crown  Svo.    3/.  6iL 
{/Taiure  Series.) 
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^Ltxhhotk—c^ti/iued: 

ON  BRITISH  WILD  FLOWERS  CONSIDERED  IN  RE- 
LATION  TO  INSECTS.  With  nnmercms  lUustratioiis.  New 
Edition.     Crown  8vo.    ^j.  6d,     {Nature  Series). 

FLOWERS,  FRUITS,  AND  LEAVES.  With  Illustriitions, 
Second  Edition.     Crown  8vo.     4*.  6</.     (Nature  Ser Us.) 

Martin  and  Moale. — On  the  dissection  of  verte. 

BRATE  ANIMALS.      By  Professor  H.  N.  Maktin  and  W.  A. 

^  MoALS.     Crown  8vo.  [In  preparation, 

Mivart. — Works  by  St.  George  Mivart,  F.R.S.,  Lecturer  on 

Comparative  Anatomy  at  St.  Mary^s  HosptaL 

LESSONS  IN  ELEMENTARY  ANATOMY.     With  upwards  of 

400  Illustrations.     Fcap.  8vo.     dr.  6d, 
THE  COMMON  FROG.  lUustrated.  Cr.  8vo.  p.6d.  {Nature Series.) 

Miiller.— THE  fertilisation  of  flowers.  By  Pro- 
fessor Hkriaann  MiJLLER.  Translated  and  Edited  by  D'Arcy 
W.  Thompson,  B.A.,  Professor  of  Biology  in  University  College, 
Dundee.  With  a  Preface  by  Charles  Darwin,  F.R.S.  With 
numerous  Illustrations.     Medium  8vo.    2ix. 

Oliver. — Works  by  Daniel  Oliver,  F.R.S.,  &c.,  Professor  of 
Botany  in  University  College,  London,  &c. 
FIRST  BOOK  OF  INDIAN  BOTANY.     With  nameioiu  Illus- 
trations.   Extra  fcap.  Svo.    dr.  6d, 
LESSONS   IN  ELEMENTARY  BOTANY.     With  neariy  200 
Illustrations.    New  Edition.     Fcap.  8va    4r.  6d. 

Parker.— A  course  of  instruction  in  zootomy 

(VERTEBRATA).      By  T.  Jeffrey  Parker,  B.Sc.  London, 
Professor  of  Biology  in  thei  Univcisity  of  OtagQ,  New  Zealand. 
With  Illustrations.    Crown  Svo.    &r.  6d. 
LESSONS  IN  ELEMENTARY  BIOLOGY.    By  the  same  Author. 
With  Illustrations.     8va  [In  the  press. 

Parker  and  Bettany. — ^the  MORPHOLOGY  OF  THE 

SKULL.    By  Professor  W.   K.  Parker,   F.R.S.,  and  G.  T. 
Bettany.     Illustrated.     Crown  Svo.     iw.  6/. 

Romanes.— THE  scientific  evidences  of  organic 

EVOLUTION.     By   George  J.    Romanes,    M.A.,    LL.D. 
F.R.S.,  Zoological  Secretary  of  the  Linnean  Society.     Crown 
Svo.     2s,  6c/.     (Nature  Series, ) 

Sedgwick.— A  supplement  to  F.  M.  BALFOUR'S 
TREATISE  ON  EMBRYOLOGY.  By  Adam  Sedgwick, 
M.  A. ,  F.R.  S. ,  Fellow  and  Lecturer  of  Trinity  College,  Cambridge. 
Svo.     Illustrated.  ]Jn  preparation. 

Smith  (W.  G.)— DISEASES  OF  FIELD  AND  GARDEN 
CROPS,  CHIEFLY  SUCH  AS  ARE  CAUSED  BY  FUNGI. 
By  Worthington  G.  Smith,  F.LiS.,  M.A.L,  Member  of  the 
Scientific  Committee  R.H.S.  With  143  New  Illustrations  drawn 
and  engraved  from  Nature  by  the  Author.    Fcap.  Svo.    4^.  6d. 

Ward.- TIMBER  AND  ITS  DISEASES.    By  H.  Marshall 
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Wiedersheim  (Prof.). — ELEMENTS  OF  THE  COM- 
PARATIVE ANATOMY  OF  VERTEBRATES.  Adapted 
from  the  German  of  Robert  Wisdkrshkim,  Professor  of  Ana- 
tomy, and  Director  of  the  Institute  of  Human  and  Comparative 
Anatomy  in  the  University  of  Freibuzg-in-Baden,  by  W. 
Newton  Paekse,  Prafessor  of  Biology  in  the  University  College 
of  South  Wales  and  Monmouthshire.  With  Additions  by  the 
Author  and  Translator.  With  Two  Hundred  and  Seventy  Wood- 
cuts.   Medium  8yo.     I2s.  6d. 

MEDICINE. 

Brunton. — Works  by  T.  Laudke  Brunton,  M,D.,  r).Sc., 
F.R.C.P.,  F.R.S.,  Assistant  Physician  and  Lecturer  on  Materia 
Medica  at  St  Bartholomew's  Hospital ;  Examiner  in  Materia 
Medica  in  the  University  of  London,  in  the  Victoria  University, 
and  in  the  Royal  College  of  Physicians,  L.ondon ;  late  Examiner 
in  the  University  of  Edinburgh. 

A  TEXT-BOOK  OF  PHARMACOLOGY,  THERAPEUTICS, 
AND  MATERIA  MEDICA.  Adapted  to  the  United  States 
Pharmacopoeia,  by  Francis  H.  Williams,  M.D.,  Boston,  Mass. 
Third  Edition.  Adapted  to  the  New  British  Phannacopceia,  1885. 
Medium  8vo.     21s. 

TABLES  OF  MATERIA  MEDICA  :  A  Compamon  to  the  Materia 
Medica  Museum.  With  Illustrations.  New^Edition  Enlarged. 
8vo.     loj.  6d, 

Griffiths.— LESSONS  ON  PRESCRIPTIONS  AND  THE 
ART  OF  PRESCRIBING.  By  W.  Handsel  Griffiths, 
Ph.D.,  L.R.C.P.E.  New  Edition.  Adapted  to  the  Pharmacopoeia, 
i88j.     i8mo.     3J.  6</. 

Hamilton.— A  TEXT-BOOK  OF  PATHOLOGY.  By  D.  J. 
Hamilton,  Professor  of  Pathological  Anatomy  University  of 
Aberdeen.    With  Illustrations.     8vo.  [In  ike  press, 

Klein. — MICRO-ORGANISMS  and  disease.  An  Intro- 
duction into  the  Study  of  Specific  Micro- Organisms.  By  E. 
Klwn,  M.D.,  F.R.S.,  Lecturer  on  General  Anatomy  and  Physio- 
logy in  the  Medical  School  of  St.  Bartholomew's  Hospital,  London. 
With  121  Illustrations.  Third  Edition,  Revised.  Crown  8vo  6j. 
THE  BACTERIA  IN  ASIATIC  CHOLERA.  By  the  Same 
Author.     Crown  8vo.  \In  preparation, 

Ziegler-Macalister. — TEXT-BOOK  OF  pathological 

ANATOMY  AND  PATHOGENESIS.  By  Professor  Ernst 
ZiEGLiR  of  Tubingen.  Translated  and  Edited  for  English 
Students  by  Donald  Macalister,  M.  A.,  M.D.,  B.Sc.,  F.R.C.P., 
Fellow  and  Medical  Lecturer  of  St.  John's  College,  Cambridge, 
Physician  to  Addenbrooke's  Hospital,  and  Teacher  of  Medicine  in 
the  University.    With  numerous  Illustrations.    Medium  $vo.  l 

Part  I.— GENERAL  PATHOLOGICAL   ANATOMY.     Second      | 
Edition.     i%s,  6cl. 

Part  II.— SPECIAL  PATHOLOGICAL  AJ^ATOMY.     Sections 
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ANTHROPOLOGY. 

Flower.— FASHION  in  deformity,   as  Illustrated  in  the 

Customs  of   Barbaroas    and    Civilised    Races.       By    Professor  , 

Flower,  F.R.S.,  F.R.C.S,     With  Illustrations.     Crown  8vo. 
2x.  6d,    {Nature  Series,) 

Tylor.— ANTHROPOLOGY.  An  Introduction  to  the  Study  ot 
Matt  and  Civilisation;  By  E.  B.  Tylor,  D.C.L.,  F.R,S.  With 
numerous  Illustrations.    Crown  8vo.    7^.  6d, 

PHYSICAL  GEOGRAPHY  &  GEOLOGY. 

Blanford.— THE  rudiments  of  physical  geogra- 

PHY  for    the    use  of  INDIAN  SCHOOLS  ;    with    a 
Glossary  of  Technical  Terms  employed.     By  H.  F.  Blanford, 
F.R.S.     New  Edition,  with  Dlustrations.     Globe  8vo.   2s.  6d, 
Geikie. — Works  by  Archibald  Gbikie,  LL.D.,  F.R.S.,  Director 
General  of  the  Geological  Survey  of  Great  Britain  and  Ireland,  and 
Director  of  the  Museum  of  Practical  Geology,  London,  fotmerly 
Murchison  Professor  of  Geology  and  Mineralogy  in  the  University 
of  Edinburgh,  &c. 
PRIMER  OF  PHYSICAL    GEOGRAPHY.      With    numerous 
Illustrations.      New  Edition.      With    Questions.      i8mo.      i#. 
{Seienee  Primers.) 
ELEMENTARY  LESSONS  IN  PHYSICAL  GEOGRAPHY. 
With  numerous  Illustrations.     New  Edition.     Fcap.  8vo.     as,  6d, 
QUESTIONS  ON  THE  SAME.     is.  6d. 
PRIMER  OF  GEOLOGY.     With  numerous  Illustration^.     New 

Edition.     i8mo.     is,     {Science  Primers.) 
CLASS  BOOK   OF  GEOLOGY      With  upwards  of  200  New 

Illustrations.     Crown  8vo.     loj.  6d. 
TEXT-BOOK  OF   GEOLOGY.       With  numerous   Illustrations. 
Second  Edition,  Sixth  Thousand,  Revised  and  Enlarged.  8vo.  28j. 
OUTLINES  OF  FIELD  GEOLOGY.     With  Illustrations.     New 

Edition.     Extra  fcap.  8vo.    3J.  6d. 
THE      SCENERY     AND      GEOLOGY     OF      SCOTLAND, 
VIEWED    IN     CONNEXION    WITH    ITS    PHYSICAL 
GEOLOGY.   With  numerous  Illustrations.    Crown  8vo.    Ito.  6d. 
(See  also  under  History  and  Geography.) 
Huxley.— PHYSIOGRAPHY.      An  Introduction  to  the  Study 
of  Nature.      By   Thomas    Henry    HtJXLEY,    F.R.S.      With 
numerous  Illustrationsi  and  Coloured  Plates.    New  and  Cheaper 
Edition.     Crown  %so^    6s, 
Lockyer.— OUTLINES  OF  PHYSIOGRAPHY— THE  MOVE- 
MENTS OF  THE  EARTH.   By  L  Norman  Lockyer»  F.R.S., 
Correspondent  of  the  Institute  of  France,  Foreign  Member  of 
the  Academy  of  the  Lyncei  of  Rome,  &c.,  &c. ;   Professor  of 
Astronomical  Physics  in  the  Normal  School  of  Science,  and 
Examiner  in  Physiography  for  the  Science  and  Art  Depaxtment,        
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Phillips,— A  TREATISE  ON  ORE  DEPOSITS.  By  J.  Arthui 
Phillips,  F.R.S.,  V.P.G.S.,  F.C.S.,  M.Inst.C.E.,  Ancien  EIctc 
de  r£cole  des  Mines,  Paris ;  Author  of  "  A  Manual  of  Metallnj^y," 
"The  Mining  and  Metallurgy  of  Gold  and  Silver,"  &a  With 
numerous  IllustratioDS.    8vo.    251. 

AGRICULTURE. 
Frankland,— AGRICULTURAL  chemical  analysis, 

A  Handbook  of.  By  Pkrcy  Faraday  Franrland,  Ph.D., 
B.Sc,  F.C.S.,  Associate  of  the  Royal  School  of  Mines,  and 
Demonstrator  of  IVactical  and  Agricultural  Chemistry  in  the 
Normal  School  of  Science  and  .Royal  School  of  Mines,  South 
Kensington  Museum,  Founded  upon  LeUfadin/ur  die  AirieuUurt 
Chemiche  Analyse^  von  Dr.  F.  Krocker.    Crown  8vo.    7/.  6</. 

Sxnith  (V/orthington  G.).— DislASEs  OF  fIeld'Tand 

GARDEN  CROPS,  CHIEFLY  SUCH  AS  ARE  CAUSED  BY 
FUNGL  By  Worthington  G.  Smith,  F.L.S.,  M.A.I., 
Member  of  the  Scientific  Conunittee  of  the  R.H.S.  With  143 
Illustrations,  drawn  and  engraved  from  Nature  by  the  Author. 
Fcap.  8vo.  4f.  &/. 
Tanner. — Works  by  Henry  Tanner,  F.C.S.,  M.R.A.C., 
Examiner  in  the  Principles  of  Agriculture  under  the  Government 
Department  of  Science ;  Director  of  Education  in  the  Institute  of 
Agriculture,  South  Kensington,  London;  sometime  Professor  of 
Agricultural  Science,  University  Collie,  Aberystwith. 

ELEMENTARY  LESSONS  IN  THE  SCIENCE  OF  AGRI- 
CULTURAL PRACTICE.     Fcap.  8vo.     3J.  6^/. 

FIRST  PRINCIPLES  OF  AGRICULTURE.     i8mo.     u. 

THE  PRINCIPLES  OF  AGRICULTURE.  A  Series  of  Reading 
Books  for  use  in  Elementary  Schools.  Prepared  by  Hrnry 
Tanner,  F.C.S.,  M.R.A.C.    Extra  fcap.  8vo. 

I.  The  Alphabet  of  the  Principles  of  Agriculture.    6</. 
II.  Further  Steps  in  the  Principles  of  Agriculture.     U. 
Ill,  Elementary  School  Readings  on  the  Principles  of  Agricultort 
for  the  Uiird  stage,     u. 

POLITICAL  ECONOMY. 

Cairnes.— THE  character  and  logical  method 

OF  POLITICAL  ECONOMY.    By  J.   E.  Cairnes,  LL.D., 
Emeritus  Professor  of  Political  Economy  in  University  College,  | 
London.     New  Edition.     Crown  8vo.     6j. 
Cossa.— GUIDE     TO     THE     STUDY     OF     POLITICAL! 
ECONOMY.     By  Dr.  LuiGi  Cossa,  Professor  in  the  University  I 
of  Pavia.    Translated  from  the  Second  Italian  Edition.    With  a 
Preface  by  W.  Stanley  Jevons,  F.R.S.    Crown  8vo.    41.  6^. 
Fawcett  (Mrs.). — Works  by  Millicent  Garrett  Fawcett:— 

PqUTICAL  ECONOMY  FOR  BEGINNERS,  WITH  QUES- 
TTONS.     Fourth  Edition.     i8mo.     2j.  6</. 

TALES  IN  POLITICAL  ECONORW.     Crown  8yo.    3*. 


B4;B;NTAt.  AND  MORAL  PHILOSOPHY.  jx 

Fawcett.— A  manual  of  political  economy.    By 

Right  Hon.  Henry  Fawcett,  F.R.S.     Sixth  Edition,  revised, 
with   9f  chapter  on   "State    Socialism   and  the  Nationalisation 
of  the  Land,"  and  an  Index.     Crown  8vo.     I2j. 
an  explanatory  digest  of  the  above.     By  CvwL  A. 
Waters,  B.  A.     Crown  8vo.     2s.  6d. 

GuntOO.— WEALTH  AND  PROGRESS :  A  CRITICAL  EX- 
AMINATION OF  THE  WAGES  QUESTION  AND  ITS 
ECONOMIC  RELATION  TO  SOCIAL  REFORM.  By 
Georoe  Gunton.     Crown  8vo.     6s, 

Jevons,— PRIMER  OF  POLITICAL  ECONOMY.  By  W. 
Stanley  Jevons,  LL.D.,  M. A.,  F.R.S.  New  Edition.  x8mo. 
IS.    {Science  Primers.) 

MarshalL— THE  ECONOMICS  OF  INDUSTRY.  By  A. 
Marshall,  M.A.,  Professor  of  Political  Economy  in  the  Uni- 
verKty  of  Cambridge,  and  Mary  P.  Marshall,  late  Lecturer  at 
Newx^am  Hall,  Cambridge.     Extra  fcap.  8vo.     2j.  6d, 

Marshall.— ECONOMICS.  By  Alfred  Marshall,  M.A., 
Professor  of  Political  Economy  in  the  Universitj^  of  Cambridge. 
2  vols     8vo.  '    [/«  the  press. 

Sldgwick.— THE  PRINCIPLES  of  POLITICAL  ECONOMY. 
By  Professor  Henry  Sidgwick,  M.A.,  LL.D.,  Knightbridge 
Professor  of  Moral  Philosophy  in  the  University  of  Cambridge 
&c..  Author  of  "The  Methods  of  Ethics."  Second  Edition, 
revised.    8vo.     i6j. 

Walker. — ^Worksby  Francis  A.  Walker,  M.A.,  Ph.D.,  Author 
of  ••Monty,"  ••Money  in  its  Relation  to  Trade,"  &c. 
POLITICAL  ECONOMY.    Second  Edition,  revised  and  enlarged. 

8vo.     i2s.6d. 
A    BRIEF    TEXT-BOOK    OF     POLITICAL     ECONOMY. 

Crown  8vo.     dr.  6d, 
THE  WAGES  QUESTION.    8vq.    14s. 

MENTAL  &  MORAL  PHILOSOPHY. 

Boole.— THE  MATHEMATICAL  ANALYSIS  O?   LOGIC 
Being  an  Essay  towards  a  Calculus  of  Deductive  Reasoning.     By 
George  Boole.    8vo.    Sewed.    Sj. 

CaJlderwOOd,— HANDBOOK  OF  moral  PHILOSOPHY. 
By  the  Rev.  Henry  Calderwood,  LL.D.,  Professor  of  Moral 
Philosophy,  University  of  Edinburgh.  New  Edition.  Crown  8vo.  dr. 

Clifford. — SEEING  AND  THINKlNa  By  the  late  Professor 
W.  K.  Clifford,  F.R.S.  With  Diagrams.  Crown  8vo.  $s.  6d. 
{Nature  Series.) 

Jaf dine. —THE  elements  of  the  psychology  of 

COGNITION.  By  the  Rev.  Robert  Jardine,  B.D.,  D.Sc. 
^Edia.),  Ex-Principal  of  the  G«ieral  Assembly's  College,  Calcutta. 
Third  Edition,  revised  and  improved.     Crown  8vo.    &.  6d. 
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JevonS* — Works  by  tbe  kteW.  STAKttY  JkVons,  LL.D.,  lit.  A., 
F.R.S. 

PRIMER  OF  LOGIC.  NewEditioa    i8mo.    U.   {Scwke  Ptimtrs.) 

ELEMENTARY  LESSONS  IN  LOGIC  ;  Deductive  and  Induc- 
tive, with  copious  Questions  and  Examples,  and  a  Vocabulary  of 
Logical  Terms.     New  Edition.     Fcap.  8vo.     %s.  6d, 

THE  PRINCIPLES  OF  SCIENCE.  A  Treatise  oji  Logic  and 
Scientific  Method.  New  and  Revised  Edition.  Crown  8vo.  I2x.  6J. 

STUDIES  IN  DEDUCTIVE  LOGIC.  Second  Edition.  Cr.  Svo-  6s. 

Keynes. — formal  logic,  studies  and  Exercises  in.  Imduding 
a  Generalisation  of  Logical  Processes  in  their  application  to 
Complex  Inferences.  By  John  Neville  Klynes,  M.A.,  late 
Fellow  of  Pembroke  College,  Cambridge.  Second  Edition, 
llevised  and  Enlarged.     Crown  8vo.     los,  6d. 

Kant— Max  MuUer.— critique  of  pure  reason. 

By  Immanuel  Kant.     In  commemoration  of  the  Centennry  of 
its  first  Publication.    Translated  into  English  by  F.  Max  MOllsr. 
With  an  Historical  Introduction  by  Ludwiq  NoirA.    a  vols 
Svo.     i6s,  each. 
Volume   I.     HISTORICAL    INTRODUCTION,    by    Ltowig 

NoiR^ ;  &c.,  &c. 
Volume  IL     CRITIQUE   OF  PURE   REASON,  translated   by 
F.  Max  MfJLLER. 
Fot  the  convenience  of  students  these  volumes  are  now  sold  separately. 

Kant— Mahaffy  and  Bernard. — commentary  on 

KANTS  CRITIQUE.  By  J.  P.  Mahaffy,  M.  A.,  Professor  of 
Anpient  History  in  the  University  of  Dublin,  and  J.  H.  Bernard, 
M.A.   New  and  completed  Edition.    Crown  Svo.  [/»/r«j. 

McCosh.— PSYCHOLOGY.  By  James  McCosh,  D.D.,  LL.D., 
Litt.D.,  President  of  Princeton  College,  Author  of  "lattiitions  of 
the  Mind,"  **  Laws  of  Discursive  Thought,"  &C.     Crown  Svo. 

L  THE  COGNITIVE  POWERS.     6s.  6d. 

IL  THE  MOTIVE  POWERS.     Crown  8va    6s.  6d. 

Ray.— A  TEXT-BOOK  OF  DEDUCTIVE  LOGIC  FOR  THE 

USE  OF  STUDENTS.    Bv  P.  K.  RAt,  D.Sc.  (Lon.  andEdin.). 

Professor  of  Logic  and  Philosophy,  Presidency  College  Calcutta. 

Third  Edition.    Globe  Svo.     at.  H. 

The  Schoolmaster  Mys  *^*'ThU  worle .  .  .  bdtetrvAdly  ttkbs^  a  place  among 

^e  rocogniscd  teat-books  on  Logic." 

Sidgwick. —Works  by  HbnrV  Sidgwick,  M.A.,  LL.D.,  Knight- 
bridge  Professor  of  Moral  Philosophy  in  the  University  of 
Cambridge. 

THE  METHODS  OF  ETHICS.  Third  Edition.  8va  I4J.  A 
$up^lement  to  the  Second  Edition,  containing  all  the  important 
AdcUtions  and  Alterations  in  the  Thud  Edition,     Demy  8vo«    6x. 

OUTLINES  OF  THE  HISTORY  OF  ETHICS,  for  EtigUsh 
Readers.     Crown   Svo.     3^.  6«/. 
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Venn. — the  logic  of  chance.  An  Essay  oa  the  FQunda- 
tions  and  Province  of  the  Theory  of  Probability,  with  special 
Reference  to  its  Lc^cal  Bearings  and  its  Application  to  Moral  and 
Social  Science.  By  John  Venn,  M.  A.,  Fellow  and  Lecturer  in 
Moral  Sciences  in  Gonville  and  Caius  College,  Cambridge,  Ex- 
aminer in  Moral  Philosophy  in  the  University  of  London.  Second 
Edition,  rewritten  and  greatly  enlarged.  Crown  8vo.  lor.  6d. 
SYMBOLIC  LOGIC.    By  the  same  Author.   Crown  8vo.    loj.  6d. 
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Arnold  (T.).— the  second  funic  war.  Being  Chapters 
from  THE  HISTORY  OF  ROME.  By  Thomas  Arnold, 
D.D.  Edited,  with  Notes,  by  W.  T.  Arnold,  M.A.  With  8 
Maps.     Crown  8va     &r.  6d, 

Arnold  (V/.  T.).— the  ROMAN  SYSTEM  of  PROVINCIAL 

ADMINISTRATION  TO  THE  ACCESSION  ofCONSTAN- 

TINE  THE  GREAT.  By  W.  T.  Arnold,  M.A.    Crown  8vo.  6s. 

*' Ought  to  prove  a  valuable  handbook  to  the  student  of  Roman   history."— 

Guardian. 

Bartholomew.— THE  ELEMENTARY  SCHOOL  ATLAS. 
By  John  Bartholom  ew,  F.  R.  G.  S.     is,  [/» the  press. 

Ihis  Elementary  Atlas  is  designed  to  illustrate  the  principal  text- 
books on  Elementary  Geography. 

Bcesly.— STORIES  from  the  history  OF  ROME. 
By  Mrs.  Beesly.    Fcap.  8vo.    ar.  6d. 

Bryce.— THE  HOLY  ROMAN  EMPIRE.  By  James  Bryce, 
D.  C.L.,  Fellow  of  Oriel  College,  and  Regius  Professor  of  Civil  Law 
in  the  Universdty  of  Oxford.   Eighth  Edition.  Crown  8vo.  7j.  (>d. 

Buckland.— OUR  national  institutions,    a  short 

Sketch    for  Schools.    By  Anna  Buckland.     With  Glossary. 

i8mo.     \s. 
Buckley.— A  HISTORY  OF  ENGLAND  FOR  BEGINNERS. 

By  Arabella  B.  Buckley.    Author  of  "A  Short  History  of 

Natural  Science,"  &c     "With  Coloured  Maps,  Chronological  and 

Genealogical  Tables.     Globe  8vo.     y. 
Clarke— CLASS-BOOK  of  GEOGRAPHY.    By  C.  B.  Clarke, 

M.A.,   F.L.S.,   F.G.S.,   F.R.S.     New  Edition,  with  Eighteen 

Coloured  Maps.    Fcap.  8vo.    3;. 
Dicey.— LECTURES   INTRODUCTORY   TO  THE   STUDY 

OF  THE  LAW  OF  THE  CONSTITUTION.  By  A.  V.  Dicey, 

B.C.L.,  of  the  Inner  Temple,  Barrisier-at-Law ;  Vinerian  Professor 

of  English  Law ;  Fellow  of  All  Souls  Collie,  Oxford ;  Hon.  LL.D. 

Glasgow.     Second  Edition.    Demy  8vo.     \%s.  6d. 
Dickens's    DICTIONARY    OF    THE    UNIVERSITY    OF 

OXFORD,  1S86-7.    iSmo,  seN.ifd.    is. 
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Dickens— c(mfiHugd. 

DICTIONARY  OF  THE  UNIVERSITY  OF  CATilBRtDGE; 
1886-7.     i8mo,  sewecL     i^. 

Both  books  (Oxford  and  Cambridge)  bound  together  in  one  volume. 

Cloth,    zs.  6d, 

Freeman. — Works  by  Edward  A.  Freeman,  D.C.L.,  LL.D., 

Regius  Professor  of  Modem  History  in  the  University  of  Oxford,  &c. 

OLD  ENGLISH  HISTORY.    With  Five  Coloured  Maps.    New 

Edition.    Extra  fcap.  8vo.    6s. 
A  SCHOOL  HISTORY  OF  ROME.  Crown  8vo.    [In  pnparaHon, 
METHODS  OF  HISTORICAL  STUDY.    A  Course  of  Lectures. 

8vo.    loj.  6</. 
THE  CHIEF  PERIODS   OF  EUROPEAN  HISTORY.     Six 
Lectures  read  in  the  University  of  Oxford  in  Trinity  Term,  1S85. 
.  With  an  Essay  on  Greek  Cities  under  Roman  Rule.  8vo.  lor.  6^. 
HISTORICAL  ESSAYS.     First  Series.     Fourth  Edition.     8vo. 
lor.  6</. 
Contents:— The  Mythical  and  Romantic  Elements  in  Early  English  HisKtt^'— 
The  Continuity  of  English  History— The  Relations  between  the  Crown  oF 
England  and  Scotland— -St.  Thomas  of  Canterbury  and  his  BiQgrapherSi  i&c 

HISTORICAL  ESSAYS.  Second  Series.  Second  Edition,  with 
additional  Essays.  8vo.  icxr.  6^. 
Contents:— Andmt Greece  and  Mediaeval  Italy— Mr.  Gladstone's  Homer  and 
th6  Homeric  Ages — ^The  Historians  of  Athens — ^The  Athenian  Democracy — 
Alexander  the  Great— Greece  during  the  Macedonian  Period — Mommsen's 
History  of  Rome — Lucius  Comehus  Sulla — ^The  Flavian  Caesars,  &c.«  ftc. 

HISTORICAL  ESSAYS.    Third  Series.    8va     \%s. 
Contents : — First  Impressions  of  Rome — ^The  Illyrian  Emperors  and  their  Land 
—Augusta  Treverorum — ^The  Goths  at  Ravienna — Race  and  Language — ^The 
Bysantine    Empire — First   Impressions  of  Athensr— Mediaeval  and,  Modem 
Greece — The  Southern  Slaves — Sicilian  Cycles— The  Normans  at  Palermo. 
THE  GROWTH  OF  THE  ENGLISH  CONSTITUTION  FROM 
THE  EARLIEST  TIMES.     Fourth  Edition.     Crown  8vo.     5^. 
GENERAL    SKETCH    OF    EUROPEAN    HISTORY.      New 
Edition.    Enlarged,  with  Maps,  &c.     i8mo.     3/.  6d,     (Vol.  I.  of 
Historical  Course  for  Schools.) 
EUROPE.     l8mo.     u.     (History  Primers.) 

Pyife.— A  SCHOOL  HISTORY  OF  GREECE.  By  C.  A.  Fyffe, 
M.  A.     Crown  8vo.  \In  preparation, 

Geikie. — -Works  by  Archibald  Geikie,  F.R.S.,  Director-General 
of  the  Geological  Survey  of  the  United  Kingdom,  and  Dii'ector  of 
the  Museum  of  Practical  Geology,  Jermyn  Street,  London ; 
formerly  Mnrchison  Professor  of  Geology  and  Mineralogy  in  the 
University  of  Edinburgh. 

THE  TEACHING  OF  GEOGRAPHY.  A  Practical  Handbook 
for  the  use  of  Teachers.  Crown  8vo.  ar.  Being  Volume  I.  of  a 
New  Geographical  Series  Edited  by  Archibald  Geikie,  F.RS. 

*«*  The  aim  of  this  volume  is  to  advocate  the  claims  of  geography  as 
an  educational  discipline  of  a  high  order,  and  to  show  how  these 
claims  may  be  practically  recognised  by  teachers. 
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Geikie. — Works  by  Archibald,  continued,  , 

AN    ELEMENTARY    GEOGRAPHY    OF    THE    BRITISH 
ISLES.     i8mo.     is. 
Green.  —  Works  by   John  Richard  Green,    M.A.,    LL.D., 
late  Honorary  Fellow  of  Jesus  College,  Oxford. 
A  SHORT  HISTORY  OF  THE  ENGLISH  PEOPLE.     New 
and  Thoroughly  Revised  Edition.    With  Coloured  Maps,  Genea- 
logical Tables,  and  Chronological  Annals.    Crown  8vo.    &r.  6d. 
131st  Thousand. 
Also  the  same  in  Four  Parts,  with  the  corresponding  portion  of  Mr. 
Tait's  **  Analysis."   Crown  8vo.    3J.  6d,  each.    Part  1. 607—1265. 
Part  IL  1265— 154a   Part  in.  1540— i66a    Part  IV.  1660— 1873. 
HISTORY  OF  THE  ENGLISH  PEOPLE.     In  four  vols.     8vo. 
Vol.  I.— EARLY    ENGLAND,    449-1071— Foreign    Kings, 
1071-1214— The  Charter,  1214-1291 — The  Parliament,  1307- 
1461.    With  eight  Coloured  Maps.     8vo.     i6j. 
Vol.  IL— THE  MONARCHY,  1461-1540— The  Reformation, 

1 540- 1 603.    8vo.     i6j. 
Vol  III.— PURITAN  ENGLAND,  1603-1660-The  Revolu- 
tion, 1660- 1688.     With  four  Maps.    8vo.     i6s, 
THE  MAKING  OF  ENGLAND.     With  Maps.     8vo.     i6s. 
THE  CONQUEST  OF  ENGLAND.    With  Maps  and  Portrait. 

8vo.  i8j. 
ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's  "  Short 
History  of  the  English  People."  By  C.  W.  A.  Tait,  M.A., 
Assistant-Master,  CUfton  CoU^e.  Crown  8vo.  3J.  6d, 
READINGS  FROM  ENGLISH  HISTORY.  Selected  and 
Edited  by  John  Richard  Green.  Three  Parts.  Globe  8vo. 
IS,  6d,  each.  I.  Hengist  to  Cressy.  II.  Cressy  to  Cromwell. 
III.  Cromwell  to  Balaklava. 

Green.  —  a  SHORT  geography  of  the  British 

ISLANDS.    By  Jqhn  Richard  Green  and  Alice  Stopford 

Green.     With  Maps.    Fcap.  8vo.    3J.  Sd. 
Grove.— A   primer   of   geography.      By  Sir  George 

Grove,  D.C.L.   With  Illustrations.    i8mo.  is.  {Science  Primers,) 
Guest.— LECTURES   ON   THE  HISTORY  OF  ENGLAND. 

By  M.  J.  Guest.    With  Maps.    Crown  8vo.    6s. 
Historical  Course  for  Schools — Edited  by  Edward  A. 

Freeman,  D.C.L.,  LL.D.,  late  Fellow  of  Trinity  College,  Oxford, 

Regius  Professor  of  Modem  History  in  the  University  of  Oitford. 
L— GENERAL  SKETCH  OF   EUROPEAN   HISTORY.      By 

Edward    A.    Freeman,    D.C.L.    New  Edition,  revised  and 

enlarged,  with  Chronological  Table,  Maps,  and  Index.  i8mo.  31. 6d, 
IL— HISTORY  OF  ENGLAND.    By  Edith  Thompson.    New 

Ed.,  revised  and  enlarged,  with  Coloured  Maps.     i8mo.    2s.  6d, 
III.— HISTORY  OF  SCOTLAND.  By  Margaret  Macarthur. 

New  Edition.     i8mo.    2x. 
IV.— HISTORY  OF  ITALY.    By  the  Rev.   W.  Hunt,  M.A. 

New  Edition,  with  Coloured  Maps.     l8mo.    y,  6d, 


S6        MACMILLAITS  EDUCATIONAL  CATALOGUE. 

Historical  Course  for  Schools — continited. 
V.~HISTORY  OF  GERMANY.     By  J.   SiMK,    M.A.      New 

Edition  Revised.     i8mo.     3^. 
VI.— HISTORY  OF  AMERICA.    By  John  A.  Doyle.     With 

Maps.     i8mo.    4/.  6</. 
VII.— EUROPEAN  COLONIES.    By  E.  J.  Payne,  M.A.     With 

Maps.     i8mo.     4J.  (id, 
VIII.— FRANCE.      By  Charlotte  M.  Yonge.      With    Maps. 

i8mo.     3 J.  6^. 
GREECE.     By  Edward  A.  Freeman,  D.C.L,     [In  preparation, 
ROME.     By  Edward  A.  Freeman,  D.C.L.  \In preparation. 

History  Primers— Edited  by  John  Richard  Green,  M.A., 

LL.D.,  Author  of  "A  Short  History  of  the  English  People." 
ROME.    By  the  Rev.  M.  Creighton,  M.A.,   Dixie  Professor   of 

Ecclesiastical  History  in  the    University  of  Cambridge.      With 

Eleven  Maps.     iSmo.     I  J. 
GREECE.    By  C.  A.   Fyffe,   M.A.,   Fellow  and  late  Tutor  of 

University  College,  Oxford.    With  Five  Maps.    i8mo.     U, 
EUROPEAN  HISTORY.     By  E.  A.  Freeman,  D.C.L.,  LL.D. 

With  Maps.     i8mo.     is. 
GREEK  ANTIQUITIES.     By  the  Rev.  J.  P.  Mahaffy,  M.A. 

Illustrated.     i8mo.     \s, 
CLASSICAL  GEOGRAPHY.   By  H.  F.  TozER,  M.A.  i8mo.  u. 
GEOGRAPHY.     By  Sir  G.  Grove,  D.C.L.     Maps.     j8mo.     u. 
ROMAN    ANTIQUITIES.       By    Professor    Wilkins.       Illus- 

trated.     i8mo.     is, 
FRANCE.    By  Charlotte  M.  Yonge.    iSmo.     is. 
Hole.— A  GENEALOGICAL  STEMMA  OF  THE  KINGS  OF 

ENGLAND  AND  FRANCE.    By  the  Rev.   C.  Hole.    On 

Sheet,     ij. 

Jennings— CHRONOLOGICAL  tables,  a  synchronistic 
arrangement  of  the  events  of  Ancient  History  (with  an  Index). 
By  the  Rev.  Arthur  C.  Jennings,  Rector  of  .King's  Stanley, 
Gloucestershire,  Author  of  "A  Commentary  on  the  Psalms," 
"Ecclesia  Anglicana,"  •*  Manual  of  Church  History,"  &c.     8vo. 

[Immediately* 

Kiepert.— A  manual  of  ancient  geography.  From 
tiie  German  of  Dr.  H.  Kiepert.    Crown  8vo.     Sj. 

Labberton.— new  historical  atlas  and  general 

history.  ByR.  H.  Labberton,  Litt.Hum.D.  4to.  New 
Edition  Revised  and  Enlai;ged.  15^. 
Lethbridge.— A  SHORT  manual  OF  THE  history  OF 
INDIA.  With  an  Account  of  India  as  it  is.  TTie  Soil, 
Climate,  and  Productions;  the  People,  their  Races^  Religions, 
Public  Works,  and  Industries ;  the  Ci^  Services,  and  System  of 
Administration.  By  Sir  RopEr  Lethbridge,  M.A.,  CLE.,  late 
Scholar  of  Exeter  College,  Oxford,  formerly  Principal  of  Kish-iaghur 
College,  Bengal,  Fellow  and  sometime  Examiner  of  the  Cal&tta 
University.    With  Maps.    Crown  8vo.    $j. 
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Macmillan's  Geographical  Series.  Edited  bvA&GHiBALD 

Gbikie,  F.R.S.,  Director-General  of  the  Geological  Survey  of  the 

United  KiDgdom. 
THE  TEACHING  OF  GEOGRAPHY.     A  Practical  Handbook 

for  the  use  of  Teachers.     By   Archibald   Geikib,    F.R.S. 

Crown  8vo.     2s, 
%*  The  aim  of  this  volume  is  to  advocate  the  claims  of  geography 

as  an  educational  discipline  of  a  high  order,  and  to  show  how 

these  claims  may  be  practically  recognized  by  teachers. 
AN    ELEMENTARY    GEOGRAPHY    OF    THE    BRITISH 

ISLES.    By  Archibald  Geikie,  F.R.S.     i8mo.     is, 
MAPS  AND  MAP  MAKING.    By  Alfred  Hughes,  M.A.,  late 

Scholar  of  Corpus  Christ!  College,  Oxford,  Assistant  Master  at 

Manchester  Grammar  School.     Crown  8vo.  [In  tA^  press. 

AN  ELEMENTARY   GENERAL  GEOGRAPHY.     By  Hugh 

Robert  Mill,  D.Sc.  Edin.    Crown  8va  [In  th€  press, 

Michelet.— A  SUMMARY  OF  MODERN  HISTORY.     Trans- 

lated  from  the  French  of  M.  Michelet,  and  continued  to  the 

Present  Time,  by  M.  C.  M.  Simpson.  '  Globe  8vo.    4J.  6rf. 
Norgate.— ENGLAND   UNDER   THE  ANGEVIN  KINGS. 

By  Kate  Norgate.    With  Maps  and  Plans.    2  vols.  8yo.    32X. 
Ottd.— SCANDINAVIAN  HISTORY.    By  E.  C.  0X1%,    With 

Maps.    Globe  8vo.    ^, 
Ramsay.— A  SCHOOL  history  OF  ROME.     By  G.   G. 

Ramsay,   M.A.,   Professor  of  Humanity  in  the  University  of 

Glasgow.     With  Maps.     Crown  8vo.  [In  preparaHon, 

Seeley. — Works  by  J.PR.    Seeley,   M.A.,  R^us  Professor  of 

Modem  History  in  the  University  of  Cambridge. 
THE  EXPANSION  OF  ENGLAND.     Crown  8vo.     41.  6d. 
OUR  COLONIAL    EXPANSION.      Extracts  from  the  above. 

Crown  8vo.     Sewed,     is, 

Tait.— ANALYSIS  OF  ENGLISH  HISTORY,  based  on  Green's 
"  Short  History  of  the  English  People."  By  C.  W.  A.  Tait, 
M.A.,  Assistant-Master,  CUfron  College.    Crown  8vq.    31.  d^. 

Wheeler.— A  short  history  of  india  and  of  the 

FHONTIER    STATES    QF    AFGHANISTAN,    NEPAUL, 
AND   BURMA.     By  J.  Tai^boys  Wheeler.      With    Map^ 
Crown  8vo.     I2j. 
COLLEGE  HISTORY  OF  INDIA,  ASIATIC  AND  EURO- 
PEAN.    By  the  same.    With  Maps.     Croi?n  8vo.     p.dd. 

Yonge  (Charlotte  M.).  —  cameos  FROM  ENGLISH 
HISTORY.  By  Charlotte  M.  Yonge,  Author  of  "  The  Heir 
of  Reddyffe,"  Extra  fcap.  8vo.  New  Edition.  5;.  eadi.  (l) 
FROM  ROLLO  TO  EDWARD  IL  (%)  THE  WARS  »f 
FRANCE.  (3)  THE  WARS  OF  THE  ROSES.  (4)  REFOR- 
MATION TIMES.  (5)  ENGLAND  AND  SPAIN.  (6)  FORTY 
YEARS  OF  STUART  RULE  (1603—1643). 


58        MACMILLAN'S  EDUCATIONAL  CATALOGUE. 

Young. — Works  by  Charlotte  M.,  continued, 
EUROPEAN  HISTORY.  Narrated  in  a  Series  of  Historical 
Selections  from  the  Best  Authorities.  Edited  and  arranged  by 
E.  M.  Skwkll  and  C.  M.  Yonge.  First  Series,  looj— 1 154. 
New  Edition.  Crown  8vo.  6x.  Second  Series,  1088 — 1228. 
New  Edition.  Crown  8vo.  6j. 
THE  VICTORIAN  HALF  CENTURY— A  JUBILEE  BOOK. 
With  a  New  Portrait  of  the  Queen.  Crown  8to.,  paper  corers,  \s. 
Cloth,  i#.  6^. 
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(i)  English,  (2)  French,  (3)  German,  (4)  Modem 
Greelc,  (5)  Italian,  (6)  Spanish. 

ENGLISH. 

Abbott.— A  SHAKESPEARIAN  GRAMMAR.  An  attempt  to 
illustrate  some  of  the  Differences  between  Elizabethan  and  Modem 
English.  By  the  Rev.  E.  A.  Abbott,  D.D.,  Head  Master  of  the 
City  of  London  School.     New  Edition.     Extra  fcap.  Svo.    6r. 

Bacon.— ESSAYS.  Edited  by  F.  G.  Selby,  M.A.,  Professor  of 
Logic  and  Moral  Philosophy,  Deccan  College,  Poona.   Globe  Svo. 

{In  preparation^ 

Burke.— REFLECTIONS  ON  THE  FRENCH  REVOLUTION. 
Edited  by  F.  G.  Selby,  M.A.,  Professor  of  Logic  and  Moral 
Philosophy,  Deccan  College,  Poona.   Globe  Svo.  [In  preparation. 

Brooke.- PRIMER  OF  ENGLISH  LITERATURE.  By  the 
Rev.  Stopfo&d  A.  Brooke,  M.A.  iSmo.  is.  {Literature 
Primers,) 

Butler.— HUDIBRAS.  Edited,  with  Irtroduction  imd  Notes,  by 
Alfred  Milnes,  M.A.  Lon.,  late  Student  of  Lincoln  College, 
Oxford.  Extra  fcap  Svo.  Part  I.  y.td.    Parts  11.  and  III.  4^.6^. 

Cowper's  TASK:  AN  EPISTLE  TO  JOSEPH  HILL,  ESQ. ; 
TIROCINIUM,  or  a  Review  of  the  Schools;  and  THE  HIS- 
TORY OF  JOHN  GILPIN.  Edited,  with  Notes,  by  William 
Bbnham ,  B.D.  Globe  Svo.  is,  {Glohe  Readings  firom  Standard 
Authors,) 
THE  TASK.  Edited  by  W.  T.  Webb,  M.  A. ,  Professor  of  English 
Literature,  Presidency  College,  Calcutta.  \In  preparation. 

Do Wden.— SHAKESPEARE.  By  Professor  Dowden.  iSmo, 
\s,     [Literature  Primers,) 

Dryden,— SELECT  PROSE  WORKS.  Edited,  with  Introduction 
and  Notes.  \x!i  Professor  C.  D.  Yonge.    Fcap.  Svo.    2x.  &/. 
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iSNGLlSH    CLASSICS    FOR   INDlAi* 
STUDENTS. 

A  SERIES  OF  SELECTIONS  FROM  THE  WORKS  OF  THE 
GREAT  ENGLISH  CLASSICS,  with  Introductions  and  Notes, 
specially  written  for  the  use  of  Native  Students  preparing  for  the 
Examinations  of  the  Uniyersities  of  Bombay,  Calcutta,  Madras, 
and  the  Punjab.  The  books  are  also  adapted  for  the  use  of  English 
Students. 

The  following  Volumes  are  ready  or  in  preparation. 
Bacon.— ESSAYS.    Edited  by  F.  G.  Sklby,  M.A.,  Professor  of 
Logic  and  Moral  Philosophy,  Deccan  Collie,  Poona. 

[In  preparation, 
Burke.— REFLECTIONS  ON  THE  FRENCH  REVOLUTION, 
By  the  same  Editor.  \In  preparation. 

Cowper.— THE  TASK.  Edited  by  W.  T.  Webb,  M.A.,  Pro- 
fessor of  English  Literature,  Presidency  College,  Calcutta. '  Globe 
8vo.  \ln  preparation. 

Goldsmith.— THE  TRAVELLER  AND  THE  DESERTED 
VILLAGE.  Edited  by  Arthur  Ba:rrktt,  B.A.,  Professor  of 
English  Literattire,  Elphinstone  College,  Bombay*  Globe  8vo. 
II.  6(/.    '  [Ready. 

THE  VICAR  OF  WAKEFIELD.  Edited  by  Harold  Littlb- 
DALs,  B.A.,  Professor  of  Histoiy  and  fjiglish  Literature,  Baroda 
College.  [In  preparation. 

Helps.— ESSAYS  WRITTEN  IN  THE  INTERVALS  OF 
BUSINESS.  Edited  by  F.  J.  RoWE,  M.  A.,  Professor  of  English 
Literature,  Presidenqr  College,  Calcutta.  [In  preparation. 

Milton.— PARADISE  LOST,  Books  I.  and  IL  Edited  by 
Michael  Macmillan,  B.A.,  Professor  of  Logic  and  Moral 
Philosophy,  Elphinstone  College,  Bombay.    Globe  8to.    zr.  6^ 

[Ready. 
Scott— THE  LADY  OF  THE  LAKE.    Edited  by  G.  H.  Stuart, 
Professor  of  English  Literature,  Presidency  College,  Bladras. 

[In  preparation. 
THE  LAY  OF  THE  LAST  MINSTREL.    By  the  same  Editor. 

[In  preparation. 

MARMION.    Edited  by  Michael  Macmillan,  B.  A.    Globe  8to. 

y.  6d.  [Ready. 

ROKEBY.    By  the  same  Editor.  [In  preparation. 

Shakespeare.— MUCH  ado  about  nothing.    Edited  by 

K.  Deighton,  M.  a.,  late  Principal  of  Agra  College.     Globe  8vo. 

2S. 

HENRY  V.     By  the  same  Editor.  [In  preparation. 

THE  WINTER^S  TALE.    By  the  same  Editor.      [In  preparation. 

RICHARD  in.    Edited  by  C.  H.  Tawney,  M.A.,  Principal  and 

Professor  of  English  Literaturci  Elphinstone  College,  Calcutta. 

[In  preparation. 
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Tennyson.— SELECTIONS.  Edited  by  F.  T.  RowB,  M.A., 
and  W.  T.  Wkbb,  M.A.,  Professor?  pf  EngUsh  Literature,  'Pre- 
sidency Collie,  Calcutta.  [In  the  press. 
This  Volume  contains :— Recollections  of  the  Arabian  Nights— The  Lady  of 
Shalott— CEnone— The  Lotos-Eaters— A  Dream  -  of  Fair  Women— Morte 
I)' Arthur — Dora — ^Ulysses — Tithonus — Sir  Galahad — ^The  Lord  of  Burleigh — 
Ode  on  the  Death  of  the  Duke  of  Wellington— The  Revenge. 

Wordsworth.— SELECTIONS.  Edited  by  William  Words- 
worth, B.A.,  Principal  and  Professor  of  Histo^  ^d  Political 
Economy,  Elphinstone  College,  Bombay.  \In pr^aration, 

Gladstone,— SPELLING  REFORM  FROM  AN  EDUCA- 
TIONAL POINT  OF  VIEW.  By  T.  H.  Gladstone,  Ph.D., 
F.R.S.,  Member  of  the  School  Board  tor  Londoo.  New  Edition. 
Crown  8vo.     u.  6</. 

Globe  Readers.  For  Standards  L— VL  Edited  by  A.  F. 
MukisoN.  Sometime  EngUsh  Master  at  the  Abc«4een  Grammar 
School.    With  Illustrations.     Globe  8vo. 


Primer  I.    (48  pp.)  yl. 

Primer  II.    (48  pp.)  3//. 

Book      L  (96  pp.)  6^. 

Book    II.  (136  pp.)  9^. 


Book  III.  (232  pp.)  I  J.  3df. 
Book  IV,  (328  pp.)  II.  9^. 
Book    V.  (416  pp.)  2f. 
Book  VI.  (448  pp.)  %s,  6dL 


"  Among  the  numerous  sets  of  readers  before  the  public  the  present  sexies  Is 
honourably  distinguished  by  the  marked  superioirity  of  its  materials  and  the 
careful  ability  with  which  Uiey  have  been  adapted  to  the  growing  capacity  of  the 
pupils.  The  plan  of  the  two  primers  is  excellent  for  facilitating  the  child's  first 
attempts  to  read.  In  the  first  three  following  books  there  is  abundance  of  enter- 
taining reading.  ....  Better  food  for  young  minds  could  hardly  \>t  found*"— 
Thk  AthknuBUM. 

♦The  Shorter  Globe  Readers.— With  Illustrations.  Globe 

8vo. 

Primer       I.     US  PP.)  3^.  Standard  IIL  (17§  pp.)  u. 

Primer     IL     (48  pp.)  3^.  Standard  IV.  (182  pp.)  u. 

Standard   I.    (92  pp.)  6d,  Standard   V.  (216  pp.)  is.  vL 

Standard  II.  (124  pp.)  9</.  Standard  VI.  (2i8  Pp.)  U.  w. 
*  llus  Series  has  been  abridged  irom  "  The  Globe  Readers"  to  meet  the  demand 
for  smaller  reading  books. 

GLOBE  READINGS  FROM  STANDARD  AUTHORS. 

Cowper's  TASK:  AN  EPISTLE  TO  JOSEPH  HILL,  ESQ. ; 
TIROCINIUM,  or  a  Review  of  the  Schools ;  and  THE  HIS- 
TORY OF  JOHN  GILPIN.  Edited,  with  Notes,  by  William 
Benham,  B.D.    Globe  8vo.     is. 

Goldsmith's  vicar  of  Wakefield,    with  a  Memoir  of 

Goldsmith  by  Professor  Massok.    Globe  8vo.     Ix. 

Lamb's    (Charles)    tales    from    Shakespeare. 

Edited,    with   Preface,    by    the  Rev.  Canon    Ainges^    2il.A« 

Globe  $Y0.      2i. 
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Scott's  (Sir  Walter)  LAY  OF  THE  LAST  MINSTREL; 
Jiiid  THE  LADY  OF  THE  LAKE.     Edited,  with  Introductions 
«nd  Notes,  by  Francis  Turner  Palgravk,    Globe  8vo.     is, 
MARMION ;  and  the  LORD  OF  THE  ISLES.     By  the  same 
Editor.    Globe  Svo.     W. 

The  Children's  Garland  from  the  Best  Poets. — 

Selected  sLnd  arranged  by  Coventry  PAtmore.    Globe  Svo.    2r. 

Yonge  (Charlotte  M.).— a  BOOK  OF  GOLDEN  deeds 

OF  ALL  TIMES  AND  ALL  COUNTRIES.  Gathered  and 
narrated  anew  by  Charlotte  M.  Yonge,  tht  Author  of  **  The 
Heir  of  RcddyflFe."    Globe  Svo.     2J. 

Goldsmith. — THE  TRAVELLER,  or  a  Prospect  of  Society ; 
and  THE  DESERTED  VILLAGE.  By  Ouver  Goldsmith. 
With  Notes,  Philological  and  Explanatory,  by  J.  W.  Hales,  M.  A. 
Crown  Svo,    6d, 

THE  VICAR  OF  WAKEFIELD.  With  a  Memoir  of  Goldsmith 
by  Professor  Masson.  Globe  Svo.  is,  {Globe  Readings  from 
Standard  Authors,) 

SELECT  ESSAYS.  Edited,  with  Introduction  and  Notes,  by 
Professor  C.  D.  YoNGE.     Fcap.  Svo.     2s.  6d, 

THE  TRAVELLER  AND  THE  DESERTED  VILLAGE. 
Edited  by  Arthur  Barrett,  B.  A.,  Professor  of  English  Litera- 
ture, Elphinstone  College,  Bombay.     Globe  Svo.     is,  6d. 

THE  VICAR  OF  WAKEFIELD.  Edited  by  Harold  LuTlfe- 
DALE,  B.A.,  Professor  of  History  and  English  Literature,  Baroda 
Collie.     Globe  Svo,  \2n  preparation, 

Gosse.— A  History  of  English  literature  in  the 

REIGN  OF  queen  ANNE.  By  Edmund  Gosse.  Crown 
Svo.  [In  the  press. 

Hales.— LONGER  English  poems,  with  Notes,  Phflologic^ 
and  Explanatory,  and  an  Introduction  on  the  Teaching  of  English, 
Chiefly  for  Use  in  Schools.  Edited  by  T.  W.  Hales,  M.A., 
Professor  of  English  Literature  at  lung's  College,  London.  New 
Edition.    Extra  fcap.  Svo.    4J.  6</. 

Helps.— ESSAYS  WRITTEN  IN  THE  INTERVALS  OF 
BUSINESS.  Edited  by  F.  J.  Rowe,  M.  A.,  Proffcssbr  of  English 
Literature,  Presidency  College,  Calcutta.    Glo^  Svo. 

[In  preparation, 

Johnson's  lives  of  the  POETS.  The  Six  Chief  Lives 
(Milton,  Dryden,  Swift,  Addisotu  Pope,  Gray),  with  Macaulay's 
"  Life  of  Johnson."  Edited  with  Preface  and  Notes  by  MatthRw 
Arnold.    New  And  cheaper  edition.    Crown  Sva    4j.  d</. 

Lamb  (Charles).— tales  from  Shakespeare.  Edited, 

with    Preface,  \n  the  Rev.  Canon  Ainger,  M.A.    Globe  Svo. 
2J.     {Globe  Readings  from  Standard  Authors,) 
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Saintsbury.— A  HISTOkV  OP  ELIZABfeTHAN  LITERA- 
TURE.    By  George  Saintsbury.    Cr.  ^o.    yj.  6d. 
Scott's   (Sir   Walter)   LAY  OF  THE  LAST  MINSTREL, 

and  THE  LADY  OF  THE  LAKE.   Edited,  with  Introduction 

and  Notes,  by  Francis  Turner  Palgrave.    Globe  8vo.     is, 

{Globe  Readings  from  Standard  Authors.) 
MARMION  ;  and  THE  LORD  OF  THE  ISLES.     By  the  same 

Editor.   Globe  8 vo.    is.    (Globe  Readings  Jrom  Standard  Authors.) 
MARMION.     Edited,  with  Introduction  and  Notes,  by  M.   Mac- 

MILLAN,  B.A.  Oxon,  Professor  of  Logic  and  Moral  Philosophy, 

Elphinstone  Collegfe,  Bombay.     Globe  Svo.     3^.  6d. 
THE  LADY  OF  THE  LAKE.     Edited  by  G.  H.  Stuart,  M.  A., 

Professor  of  English    Literature,   Presidency  College,   Madras. 

Globe  Svo.  [In  preparation, 

THE  LAY  OF  THE  LAST  MlNSTREL.     By  the  same  Editor. 

Globe  Svo.  [Tfi  preparation, 

ROKEBY.    By  Michael  Macmillan,  B.A.    Globe  Svo. 

[In  preparation. 
Shakespeare.— A  SHAKESPEARIAN  grammar.   By  Rev. 

E  A.  Abbott,  D.D.,  Head  Master  of  the  City  of  London  School 

Globe  Svo.     6s. 
A  SHAKESPEARE  MANUAL.     By  F.  G.  Fleay,  M.A.,  late 

Head  Master  of  Skipton  Grammar   School.      Second  Edition. 

Extra  fcap.  Svo.    41".  6d. 
PRIMER  OF  SHAKESPEARE.     By  Professor  Dowden.    iSmo. 

is,     (Literature  Pf  inters.) 
MUCH  ADO  ABOUT  NOTHING.     Edited  by  K.  Deighton, 

M.A.,  late  Principal  of  Agra  College.     Globe  Svo.     25. 
HENRY  V.     By  the  same  Editor.     Globe  Svo.       [fn  pnfaration. 
THE  WINTER'S  TALE.     By  the  same  Editor.     Globe  Svo. 

[In  preparation. 
RICHARD  III.     Edited  by  C.  H.  Tawney,  M.A.,  Principal  and 

Professor  of  English  Literature,  Elphinstone  College,  Calcutta. 

Globe  Svo.  [In  preparation. 

Sonnenschein    and    Meiklejohn.  —  the   engLish 

METHOD  OF  TEACHING  TO  READ.      By  A.  Sonnen- 
SCHEIN  and  J.  M.  D.  Meiklejohn,  M.A.     Fcap.  Svo. 

COMPRISING  : 

THE  NURSERY  BOOK,  containing  all  the  Two-Letter  Words 

in  the  Language,     id.    (Also  in  Large  Type  on*  Sheets  for 

School  Walls.    SJ.) 
THE  FIRST  COURSE,  consisting  of  Short  Vowels  with  Single 

Consonants.    6d. 
THE  SECOND  COURSE,   with  Combinations  and  Bridges, 

consisting  of  Short  Vowels  with  Double  Consonants,     td. 
THE  THIRD  AND  FOURTH  COURSES,  consisting  of  Long 

Vowels,  and  all  the  Double  Vowels  in  the  Language.     6d. 
**  These  are  admurable  books,"  because  they  are  «:onstracted  on  a  principle,  and 
lat  the  simplest  principle  on  which  it  is  possible  to  learn  to  read  English."^ 

^BCTATOK. 
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Taylor.— W0RDS  and  places  ;  or,  Etymological  Illustra- 
tions of  History,  Ethnology,  and  Geography.  By  the  Rev. 
Isaac  Taylor,  M.A.,  Litt.  D.,  Hon.  LL.D.,  Caaon  of  York. 
Third  and  Cheaper  Edition,  revised  and  compressed.  With  Maps. 
Globe  8vo.     6r. 

Tennyson.— The  collected  works  of  lord  Tenny- 
son, P*et  Laureate.  An  Edition  for  Schools.  In  Four  Parts. 
Crown  8vo.  2s,  6d,  each. 
SELECTIONS  FROM  LORD  TENNYSON'S  POEMS.  Edited 
with  Notes  for  the  Use  of  Schools.  By  the  Rev.  Alfred 
AiNGER,  M.A.,  LL.D.,  Canon  of  Bristol.  [In preparation^ 

SELECT  POEMS  OF  LORD  TENNYSON.  With  short  Intro- 
duction and  Notes.  By  W.  T.  Webb,  M.A.,  ProfessoK  of  History 
and  Political  Economy,  and  F.  J.  Rowe,  Professor  of  English 
literature,  Presidency  College,  Calcutta.     Globe  8vo. 

[In  the  press. 

This  selection  contains: — "Recollections  of  the  Arabian  Nights,"  "The  IJidy  of 

Shalott,"  "Oenone,"  "The  Lotos  Eaters,"  "Ulysses,"  "Tithonus,"  "Morte 

d' Arthur,"  "Sir  Galahad,"  "Dora,"  "The  Ode  on  the  Death  of  the  Duke  of 

Wellington,"  and  the  Ballad  of  the  "  Revenge." 

Thring.— THE  ELEMENTS  OF  GRAMMAR  TAUGHT  IN 
ENGLISH.  By  Edward  Thring,  M.A.,  late  Head  Master  of 
Uppingham.   With  Questions.    Fourth  Edition.  iSmo.   2s, 

Vaughan  (CM.).— WORDS  FROM  THE  POETS.  By 
C.  M.  Vaughan.    New  Edition.     iSmo,  cloth.     \s. 

Ward.— THE  ENGLISH  POETS.  Selections,  with  Critical 
Introductions  by  various  Writers  and  a  General  Introduction  by 
Matthew  Arnold.  Edited  by  T.  H.  Ward,  M.A.  4  Vols. 
Vol.  I.  CHAUCER  TO  DONNK— Vol.  II.  BEN  JONSON 
TO  DRYDEN.— Vol.  III.  ADDISON  to  BLAKE.— Vol.  IV. 
WORDSWORTH  to  ROSSETTI.    Crown  8vo.     Each  yj.  6i. 

Wetherell.— EXERCISES  ON  MORRIS'S  PRIMER  OF 
ENGLISH  GRAMMAR.  By  John  Wkthkrell,  M.A. 
l8mo.  I  J.  {Literature  Primers,) 
Woods.— A  FIRST  SCHOOL  POETRY  BOOK.  Compiled 
by  M.  A.  Woods,  Head  Mistress  of  the  Clifton  High  School  for 
Girls.  Fcap.  8vo.  2J.  6^. 
A  SECOND  SCHOOL  POETRY  BOOK.    By  the  same  Author. 

Fcap.  8vo.    4*.  6</. 
A  THIRD  SCHOOL  POETRY  BOOK.     By  the  same  Author. 
Fcap.  8vo.  [/«  preparation, 

Wordsworth. — SELECTIONS.  Edited  by  William  Words- 
worth, B.A.,  Principal  and  Professor  of  History  and  Political 
Economy,  Elphinstone  College,  Bombay.  [In  preparation, 

Yongc  (Charlotte  M.).— the    ABRIDGED    BOOK    OF 
GOLDEN   DEEDS.     A  Reading  Book  for  Schools  and  general 
readers.  By  the  Author  of  ♦'  The  Heir  of  Reddyffe."  i8mo,  doth.  is. 
GLOBE  READINGS  EDITION*     Globe  8vo.    2x.     (See  p.  6a) 
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FRENCH. 

Beaumarchais.— LE  barbier  de    Seville.     Edited, 

with  Introduction  and  Notes,  by  L.  P.  BLOUET,  Assistant  Master 
in  St.  Paul's  School.  Fcap.  8vo.  3J.  6d. 
Bowen.— FIRST  lessons  in  FRENCH.  By  H.  CouR- 
THOPE  Bo  WEN,  M.A.,  Principal  of  the  Finsbury  Training  College 
for  Higher  and  Middle  Schools.  Extra  fcap.  8vo.  is, 
Breymann. — Works  by  Hermann  Breymann,  Ph.D.,  Pro- 
fessor of  Philology  in  the  University  of  Munich. 

A  FRENCH  GRAMMAR  BASED  ON  PHILOLOGICAL 
PRINCIPLES.     Second  Edition.    Extra  fcap.  8vo.     4J.  6d, 

FIRST  FRENCH  EXERCISE  BOOK.    Extra  fcap.  Svo.    4^.  6d. 

SECOND  FRENCH  EXERCISE  BOOK.  Extra  fcap.  Svo.  2s.  6d. 
Fasnacht, — Works  by  G.  EuGfeNE  Fasnacht,  Author  of  "Mac- 
millan*s   Progressive   French   Course,"   Editor  of  **  Macmillan's 
Foreign  School  Classics,"  &c. 

THE  ORGANIC  METHOD  OF  STUDYING  LANGUAGES. 
Extra  fcap.  Svo.     I.  French.     3J.  6d. 

A  SYNTHETIC  FRENCH  GRAMMAR  FOR  SCHOOLS. 
Crown  Svo.     jr.  6d. 

GRAMMAR  AND  GLOSSARY  OF  THE  FRENCH  LAN- 
GUAGE OF. THE  SEVENTEENTH  CENTURY.  Crown 
Svo.  [In  preparation, 

Macmillan's  Primary  Series  of  French  and 
German  Reading  Books. — Edited  by  G.  Eugene 
Fasnacht,  Assistant-Master  in  Westminster  School.  With 
Illustrations.     Globe  Svo.  , 

DE  MAISTRE—LA  JEUNE  SIBiSrIENNE  ET  LE  LjSpREUX 
DE  LA  CITE  D*AOSTE.  Edited,  with  Introduction,  Notes, 
and  Vocabulary.  By  Stephane  Barlet,-B.Sc.  Univ.  Gall,  and 
London ;  Assistant-Master  at  the  Mercers'  School,  Examiner  to 
the  College  of  Preceptors,  the  Royal  Naval  College,  &c.     is,  6d, 

FLORIAN— FABLES.  Selected  and  Edited,  with  Notes,  Vocabu- 
lary, Dialogues,  and  Exercises,  by  the  Rev.  Charles  Yeld,  M.  A., 
Head  Master  of  University  School,  Nottingham.  Illustrated. 
IS,  ed, 

GRIMM— KINDER  UND  HAUSMARCHEN.  Selected  tod 
Edited,  with  Notes,  and  Vocabulary,  by  G.  E.  Fasnacht.     2j. 

HAUFF.— DIE  KARAVANE.  Edited,  with  Notes  and  Vocabu- 
lary, by  Herman  Hager,  Ph.D.  Lecturer  in  tiie  Owens  College, 
Manchester.     2s.  6d. 

LA  FONTAINE— A  SELECTION  OF  FABLES.  Edited,  with 
Introduction,  Notes,  and  Vocabulary,  by  L.  M.  MoRlARTY,  B.A., 
Professor  of  French  in  King's  College,  London.     2s. 

PERRAULT— CONTES  DE  FlfeES.  Edited,  with  Introduction, 
Notes,  and  Vocabulary,  by  G.  E.  Fasnacht.     is. 

G.  SCHWAB— ODYSSEUS.  With  Introduction,  Notes,  and 
Vocabulary,  by  the  same  Editor.  [/«  preparcUiott., 
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Macmillan's  Progressive  French  Course. — By  G. 

EUGfcNE  Fasnacht,  Assistant-Master  in  Westminster  School. 
I. — First  Year,    containing   Easy   Lessons     on    the    Regular 
Accidence.     New  and  thoroughly  revised  Edition.     Extra  fcap. 
8vo.     IS, 
IL — Second  Year,   containing  an  Elementary  Grammar  with 
copious  Exercises,  Notes,  and  Vocabularies.     A  new  Edition, 
enlarged  and  thoroughly  revised.     Extra  fcap.  8vo.     2s. 
III. — Third  Year,  containing  a  Systematic  Syntax,  and  Lessons 
in  Composition.     Extra  fcap.  8vo.     2s,  6d. 
EXERCISES   IN    FRENCH    COMPOSITION.      Part  L   Ele- 
mentary.    Part  II.  Advanced,     By  G.  E.  Fasnacht. 

[Part  /.  in  the  press, 
THE  TEACHER'S  COMPANION  TO  MACMILLAN'S 
PROGRESSIVE  FRENCH  COURSE.  With  Copious  Notes, 
Hints  for  Different  Renderings,  Synonyms,  Philological  Remarks, 
&c.  By  G.  E.  Fasnacht.  Globe  8vo.  First  Year  4*.  6af., 
Second  Year  ^.  6d,,  Third  Year  4s,  6d. 

Macmillan's    Progressive    French     Readers.    By 
G.  EuGfeNE  Fasnacht. 
I. — First  Year,  containing  Fables,  Historical  Extracts,  Letters, 
Dialogues,  Ballads,  Nursery  Songs,  &c.,  with  Two  Vocabularies ; 
(i)  in  the  order  of  subjects ;  (2)  in  alphabetical  order.     Extra 
fcap.  8vo.     2J.  6d, 
II. — Second    Year,    containing   Fiction   in  Prose   and   Verse, 
Historical  and   Descriptive  Extracts,  Essays,  Letters,  Dialogues, 
&c.     Extra  fcap.  8vo.     2s,  6d, 

Macmillan's  Foreign  School  Classics.    Edited  by  G. 
EuGi^NE  Fasnacht.    i8mo. 

FRENCH. 
CORNEILLE— LE  CID.    Edited  by  G.  E.  Fasnacht.    \s, 
DUMAS— LES    DEMOISELLES    DE    ST.  CYR.      Edited  by 

Victor  Oger,  Lecturer  in  University  College,  Liverpool,   is.  6d, 
LA  FONTAINE'S  FABLES.     Books  L— VI.     Edited  by  L.  M. 

MORIARTY,  B.A.,  Professor  of  French  in  King's  College,  London. 

[In  preparation 
MOLlfeRE— L'AVARE.     By  the  same  Editor,     is. 
MOLlfeRE— LE  BOURGEOIS  GENTILHOMME.    By  the  same 

Editor,     ij.  6d, 
MOLlfeRE— LES  FEMMES  SAV ANTES.   By  G.  E.  Fasnacht. 

IS. 

MOLlfeRE— LE  MISANTHROPE.     By  the  same  Editor,     is, 
MOLIERE— LE    M^DECIN    MALGRE    LUI.      By  the    same 

Editor.     IS, 
RACINE— BRITANNICUS.     Edited    by  EuGfeNE    Pellissier, 

Assistant- Mafter  in  Clifton  College,  and  Lecturer  in  University 

College,  Bristol.    2s, 
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Macmillan's  Foreign  School  Classics  {continued) — 

FRENCH  READINGS  FROM  ROMAN  HISTORY.  Selected 
from  Various  Authors  and  Edited  by  C.  Colbeck,  M.A.,  late 
Fellow  of  Trinity  College,  Cambridge;  Assistant -Master  at 
Harrow.    4f.  6^. 

SAND,  GEORGE— LA  MARE  AU  DIABLE.  Edited  by  W.  E. 
Russell,  M.A.,  Assistant-Master  in  Haileybury  College,     u. 

SANDEAU,  JULES-MADEMOISELLE  DE  LA  SEIGLIERE. 
Edited  by  H.  C.  Steel,  Assistant-Master  in  Winchester  College. 

IS.  ed. 

THIERS'S  HISTORY  OF  THE  EGYPTIAN  EXPEDITION. 

Edited    by    Rev.    H.    A.    Bull,    M.A.       Assistant-Master    in 

Wellington  College.  \_ln  preparation. 

VOLTAIRE— CHARLES  XIL  Edited  by  G.  E.  Fasnacht.  i5.6d. 

*#*  Other  volumes  to  follow. 

(See  also   German  Authors^   page  69. 

Masson  (Gustave).— a  compendious  dictionary 

OF  THE  FRENCH  LANGUAGE  (French-English  and  EngUsh- 
French).  Adapted  from  the  Dictionaries  of  Professor  Alfred 
Elwall.  Followed  by  a  List  of  the  Principal  Diverging 
Derivations,  and  preceded  by  Chronological  and  Historical  Tables. 
By  Gustave  Masson,  Assistant-Master  and  Librarian,  Harrow 
School     New  Edition.     Crown  8vo.     6s. 

Moliere.— LE  MALADE  IMAGINAIRE.  Edited,  with  Intro- 
duction and  Notes,  by  Francis  Tarver,  M.A.,  Assistant-Master 
at  Eton.     Fcap.  8vo.     2s,  6d. 

(See  also  Macmillan^s  Foreign  School  Classics.) 

Pellissier.— FRENCH  ROOTS  AND  THEIR  FAMILIES.  A 
Synthetic  Vocabulary,  based  upon  Derivations,  for  Schools  and 
Candidates  for  Public  Examinations.  By  Eugene  Pellissier, 
M.A.,  B.Sc,  LL.B.,  Assistant-Master  at  Clifton  College,  Lecturer 
at  University  College,   Bristol     Globe  8vo.     6s. 

GERMAN. 

HuSS.— A  SYSTEM  OF  ORAL  INSTRUCTION  IN  GERMAN, 
by  means  of  Progressive  Illustrations  and  Applications  of  the 
leading  Rules  of  Grammar.  By  Hermann  C.  O.  Huss,  Ph.D. 
Crown  8vo.     5i. 

Macmillan's  Progressive  German  Course.    By  G. 

EuGfeNE  Fasnacht. 
Part  I.— First  Year.     Easy  Lessons  and  Rules  on  the  Regular 

Accidence.     Extra  fcap.  8vo.     is.  6d. 
Psu-t  II. — Second  Year.      Conversational  Lessons  in  Systematic 

Accidence  and  Elementary  Syntax.  With  Philological  Illustrations 

and    Etymological    Vocabulary.       New    Edition,    enlarged    and 

thoroughly  recast.     Extra  fcap.  8vo.     3J.  6d. 
Part  III.— Third  Year.  \In preparation^ 
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Macmillan's  Progressive  German  Course  {continued). . 

TEACHE!R'S  COMPANION  TO  MACMILLAN'S  PROGRES- 
SIVE GERMAN  COURSE.  With  copious  Notes,  Hints  for 
Different  Renderings,  Synonyms,  Philological  Remarks,  &c  By 
G.  E.  Fasnacht.    Extra  Fcap.  8vo.    First  Year.    4J.  td. 

Second  Year.    41.  6d. 
Macmillan's   Progressive    German    Readers.    By 
G.  E.  Fasnacht. 

I. — First  Year,  containing  an  Introduction  to  the  German  order 
of  Words,  with  Copious  Examples,  extracts  from  German  Authors 
in  Prose  and  Poetry ;  Notes,  and  Vocabularies.  Extra  Fcap.  8vo., 
2J.  6d. 

Macmillan's  Primary   German    Reading    Books. 

(See  page  66,) 

Macmillan's   Foreign    School   Classics.    Edited  by 
G.  EuGfeNE  Fasnacht,  i8mo. 

GERMAN. 

FREYTAG  (G.).— DOKTOR  LUTHER.  Edited  by  Francis 
Storr,  M.A.,  Head  Master  of  the  Modem  Side,  Merchant  Tay- 
lors* School.  \In  preparation. 

GOETHE— GOTZ  VON  BERLICHINGEN.  Edited  by  H.  A. 
Bull,  M.A.,  Assistant  Master  at  Wellington  College.     2J. 

GOETHE— FAUST.  Part  I.,  followed  by  an  Appendix  on  Part 
II.  Edited  by  Jane  Lee,  Lecturer  in^  German  Literature  at 
Newnham  College,  Cambridge.    4J.  6d. 

HEINE— SELECTIONS  FROM  THE  REISEBILDER  AND 
OTHER  PROSE  WORKS.  Edited  by  C.  Colbeck,  M.A., 
Assistant-Master  at  Harrow,  late  Fellow  of  Trinity  College, 
Cambridge.     2J.  6</. 

LESSING.— MINNA  VON  BARNHELM.  Edited  by  James 
SiME.  [In  preparation. 

SCHILLER— SELECTIONS  FROM  SCHILLER'S  LYRICAL 
POEMS.  Edited,  with  Notes  and  a  Memoir  of  SchUler,  by  E.  J. 
Turner,  B.A.,  and  E.  D.  A.  Morshead,  M.A.  Assistant- 
Masters  in  Winchester  College.     2s.  6d. 

SCHILLER— DIE  JUNGFRAU  VON  ORLEANS.     Edited  by 

lOSEPH  GOSTWICK       2S    6(1 

SCHILLER— MARIA  STUART.  Edited  by  C.  Sheldon,  M. A., 
D.Lit.,  of  the  Royal  Academical  Institution,  Belfast.     2s.  6d. 

SCHILLER— WILHELM  TELL.  Edited  by  G.  E.  Fasnacht. 
2J.  6d, 

SCHILUER.— WALLENSTEIN.  Part  I.  DAS  LAGER.  Edited 
by  H.  B.  Cotterill,  M.A.     2j. 

UHLAND— SELECT  BALLADS.  Adapted  as  a  First  Easy  Read- 
ing Book  for  Beginners.  With  Vocabulary.  Edited  by  G.  E. 
Fasnacht.    is. 

%*  Othir  Volumes  to  follow. 
(See  also  French  Authors,  page  67.) 
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Pylodet.— NEW  guide  to  German  conversation; 

containing  an  Alphabetical  List  of  nearly  Soo  Familiar  Words ; 
followed  by  Exercises ;  Vocabulary  of  Words  in  frequent  use ; 
Familiar  Phrases  and  Dialogues ;  a  Sketch  of  German  literature, 
Idiomatic  Expressions,  &c.  By  L.  Pylod£T.  i8mo,  cloth  limp. 
2s,  6d. 

Whitney.— Works  by  W.  D.  Whitney,  Professor  of  Sanskrit 
and  Instructor  in  Modem  Languages  in  Ysde  College. 
A  COMPENDIOUS  GERxMAN  GRAMMAR.  Crown  8vo.  4s.6a\ 
A  GERMAN  READER  IN  PROSE  AND  VERSE.     With  Notes 
an  1  Vocabulary.    Crown  8vo,    ss, 

Whitney   and  Edgren.— a  COMPENDIOUS  GERMAN 

AND  ENGLISH  DICTIONARY,  with  Notation  of  Correspon- 
dences  and  Brief  Etymologies.     By  Professor  W.  D.  Whitney, 
assisted  by  A.  H.  Edgren.     Crown  8vo.     ys,  6d, 
THE  GERMAN-ENGLISH  PART,  separately,  Ss. 

MODERN  GREEK. 

Vincent  and  Dickson.  —  HANDBOOK  TO  MODERN 
GREEK.  By  Sir  Edgar  Vincent,  K.C.M.G.  and  T.  G. 
Dickson,  M.A.  Second  Edition,  revised  and  enlarged,  with 
Appendix  on  the  relation  of  Modern  and  Classical  Greek  by 
Professor  J  EBB.     Crown  8vo.     6s, 

ITALIAN. 

Dante. —  THE    PURGATORY    OF    DANTE.      Edited,  with 
Translation  and  Notes,  by  A.  J.  BuTLER,  M.A.,  late  Fellow  of 
Trinity  College,  Cambridge.     Crown  8vo.     I2j.  6d. 
THE  PARADISO  OF  DANTE.     Edited,  with  Translation  and 
Notes,  by  the  same  Author.     Crown  8to.     I2s.  6d, 

SPANISH. 

Calderon.— FOUR  plays  of  CALDERON.  Edited,  with 
Introduction  and  Notes,  by  Norman  MacColl,  M.A.,  Fellow  of 
Downing  College,  Cambridge.     Crown  8vo.  [In  the  press, 

DOMESTIC  ECONOMY. 

Barker.— FIRST  lessons   in  the   principles    of 

COOKING.     By  Lady  Barker.    New  Edition.      i8mo.     is, 

Berners.— first  lessons  on  health.  By  J.  Berners. 
New  Edition.     i8mo.     is, 

Fawcett.— TALES  in  POLITICAL  ECONOMY.  By  Milli- 
CENT  Garrett  Fawcett.    Globe  8yo.    3j. 
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Frederick.— HINTS  to  housewives  on    several 

POINTS.  PARTICULARLY  ON  THE  PREPARATION  OF 
ECONOMICAL  AND  TASTEFUL  DISHES.  By  Mrs. 
Frederick.    Crown  8vo.    u. 

"This  unpretending  and  useful  little  volume  distinctly  supplies  a  desideratum 
....  The  author  steadily  keeps  in  view  the  simple  aim  of  '  making  every-day 
meals  at  home,  particularly  the  dinner,  attractive,'  without  adding  to  the  ordinary 
household  expenses." — Saturday  Review. 

Grand'homme. —  cutting-out  and  dressmaking. 

.  From  the  French  of  Mdlie.  E.  Grand'homme.  With  Diagrams. 
i8mo.  IS, 
Jex-Blake.— THE  CARE  OF  infants,  a  Manual  for 
Mothers  and  Nurses.  By  Sophia  Jex-Blake,  M.D.,  Member 
of  the  Irish  College  of  Physicians  ;  Lecturer  on  Hygiene  at 
the  London  School  of  Medicine  for  Women.     i8mo.     is. 

Tegetmeier.— H  ousehold    management      and 

COOKERY.  With  an  Appendix  of  Recipes  used  by  the 
Teachers  of  the  National  School  of  Cookery.  By  W.  B. 
Tegetmeier.  Compiled  at  the  request  of  the  School  Board  for 
London.  iSmo.  is. 
Thornton.— FIRST  LESSONS  IN  BOOK-KEEPING.  By 
J.  Thornton.    New  Edition.     Crown  8vo.    2s.  6d. 

The  object  of  this  voltime  is  to  make  the  theory  of   Book-keeping   sufficiently 
plain  fot  even  children  to  understand  it. 
A  KEY  TO  THE  ABOVE  FOR  THE  USE  OF  TEACHERS 
AND  PRIVATE   STUDENTS.     Containing  all  the  Exercises 
worked  out,  with  brief  Notes.     By  J.  Thornton.     Oblong  410. 
10s.  6d. 
Wright. — THE   SCHOOL  COOKERY-BOOK.     Compiled  and 
Edited  by  C.  E.  Guthrie  Wright,  Hon  Sec.  to  the  Edinburgh 
School  of  Cookery.     i8mo.     is. 


ART  AND  KINDRED  SUBJECTS. 

Anderson.— LINEAR    perspective,     and     model 

DRAWING.  A  School  and  Art  Class  Manual,  with  Questions 
and  Exercises  for  Examination,  and  Examples  of  Examination 
Papers.  By  Laurence  Anderson.  With  Illustrations.  Royal 
8vo.     2J. 

Collier. — a  PRIMER  OF  ART.  With  Illustrations.  By  John 
Collier.     iSmo.     is.  ' 

Delamotte.— A  BEGINNER'S  drawing  book.  By 
P.  H.  Delamoti'E,  F.S.A.  Progressively  arranged.  New 
Edido^  improved.    Crown  8vo.     y.  6</. 

Ellis.— SKETCHING  FROM  NATURE.  A  Handbook  for 
Students  and  Amateurs.  By  Tristram  J.  Ellis.  With  a 
Frontispiece  and  Ten  Illustrations,  by  H.  Stacy  Marks, 
R.A.,  and  Thirty  Sketches  by  the  Author.  New  Edition,  revised 
and  enlarged.     Crown  8vo.     3^ .  6d, 
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Hunt.— TALKS  ABOUT  ART.  By  William  Hunt.  With  a 
Letter  from  Sir  J.  E.  Millais,  Bart.,  R.  A.     Crown  8vo.    31.  6d. 

Taylor.— A  primer  of  pianoforte  playing.    By 

Franklin  Taylor.    Edited  by  Sir  George  Grove.    iSmd.     \s. 

WORKS  ON  TEACHING. 

Ball.— THE  students  guide  to  the  bar.    By  Walter 
W.  R.  Ball,   M.A.,  of  the  Inner  Temple,   Barrister-at-Law ; 
Fellow  and  Assistant  Tutor  of  Trinity  College,  Cambridge,  and 
Fellow  of  University  College,  London.     Fourth  Edition  Revised^ 
Crown  8yo.     2J.  6</. 
Blakiston — the  TEACHER.     Hints  on  School  Management. 
A   Handbook  for    Mai^agers,   Teachers*  Assistants,    and    Pupil 
Teacheres.    By  J.  R.  Blakiston,  M.A.    Crown  8vo.     2j.  6</. 
(Recommended   by    the    London,    Birmingham,    and    Leicester 
School  Boards.) 
'*  Into  a  oomiMuatively  small  book  he  has  crowded  a  great  deal  of  ezoecdiogly  use- 
ful and  sound  advice.    It  is  a  plain,  common-sense  book,  full  of  hints  to  the  teadier 
on  the  management  of  his  school  and  his  children." — School  Boakd  Chkoniclk. 

Calderwood. — ON  teaching.  By  Professor  Henry  Calder- 
WOOD.     New  Edition.    Extra  fcap.  8vo.    2J.  6^. 

Carter.— EYESIGHT  in  SCHOOLS.  A  Paper  read  before  the 
Association  of  Medical  Officers  of  Schools  on  April  15th,  1885. 
ByR.  Brudbnell  Carter,  F.R.C.S.,  Ophthalmic  Surgeon  to 
St.  George's  Hospital.    Crown    8vo.    Sewed,     u. 

Fearon.— SCHOOL  inspection.  By  D.  R.  Fearon,  M.A., 
Assistant  Commissioner  of  Endowed  Schools.  New  Edition. 
Crown  8vo.    2f .  (id. 

Gladstone. — object  teaching,  a  Lecture  deUvered  at 
the  Pnpil-Teacher  Centre,  William  Street  Board  School,  Ham- 
mersmith. By  J.  H.  Gladstone,  Ph.D.,  F.R.S.,  Member  of 
the  London  School  Board.  With  an  Appendix.  Crown 
8va  yi, 
*'  It  is  a  short  but  interesting  and  instmctiTe  publication,    and  our  younger 

teachers  will  do  well  to  read  it  carefully  and  thoroughly.    There  is  much  m  these 

few  pages  which  they  can  learn  and  profit  by."— Thb  School  Guardian. 

Hertel.-HDVERPRESSURE  IN  HIGH  SCHOOLS  IN  DEN- 
MARK. By  Dr.  Hertel,  Municipal  Medical  Officer,  Copen- 
hagen. Translated  from  the  Danish  by  C.  Godfrey  Sorensen. 
With  Introduction  by  Sir  J.  Crichton-Browne,  M.D.,  LL.D., 
F.R.S.     Crown  8vo.     3J.  6^. 
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*^*  For    other    Works    by    these    Authors,    see    Theological 

Catalogue. 
Abbott  (Rev.    E.   A.) — bible    lessons.     By  the  Rev. 
£.  A.  Abbott,  D.D.,   Head  Master  of  the  City  of  London 
SchooL     New  Edition.     Crown  8vo.    4^.  6d, 
"Wise,    suggestive,    and    really   profound   imtiation    into  religious   thought" 
— Guardian. 
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Abbott— Rushbrooke.— THE  COMMON  TRADITION  OF 
THE  SYNOPTIC  GOSPELS,  in  the  Text  of  the  Revised 
Version.  By  Edwin  A.  Abbott,  D.D.,  formerly  Fellow  of  St. 
John's  CoU^e,  Cambridge,  and  W.  G.  Rushbrooke,  M.L., 
formerly  Fellow  of  St.  John's  College,  Cambridge.  Cr.  8vo.  3j.  6d. 

The  Acts  of  the  Apostles.  —  Being  the  Greek  Text  as 
revised  by  Professors  Westcott  and  Hort.  With  Explanatory 
Notes  for  the  Use  of  Schools,  by  T.  E.  Page,  M.A.,  late  Fellow 
of  St.  John's  College,  Cambridge ;  Assistant  Master  at  the  Charter- 
house.    Fcap.  8vo.    4r.  6d, 

Arnold. —A  BIBLEREADING  FOR  SCHOOLS.  —  THE 
GREAT  PROPHECY  OF  ISRAEL'S  RESTORATION 
(Isaiah,  Chapters  xl.— Ixvi.).  Arranged  and  Edited  for  Young 
Learners.  By  Matthew  Arnold,  D.C.L.,  formerly  Professor 
of  Poetry  in  the  University  of  Oxford,  and  Fellow  of  Oriel. 
New  Edition.     i8mo,  cloth,     is, 

Arnold.— ISAIAH  XL.— LXVI.  With  the  Shorter  Prophecies 
allied  to  it.  Arranged  and  Edited,  with  Notes,  by  Matthew 
Arnold.  Crown  8vo.  5j. 
ISAIAH  OF  JERUSALEM,  IN  THE  AUTHORISED  ENG- 
LISH VERSION.  With  Introduction,  Corrections,  and  Notes. 
By  Matthew  Arnold.    Crown  8vo.    4r.  6d. 

Benham. — a  companion  TO  TH^  LECTIONARY.  Being 
a  Commentary  on  the  Proper  Lessons  for  Sundays  and  Holy  Days. 
By  Rev.  W.  Benham,  B.D.,  Rector  of  S.  Edmund  with  S. 
Nicholas  Aeons,  &c.    New  Edition.    Crown  Svo.    4J.  M. 

Calvert.— GREEK  TESTAMENT,  School  Readings  in  the.  A 
Course  of  thirty-six  Lessons  mainly  following  upon  the  Narrative 
of  St  Mark.  Edited  and  Arranged  with  Introduction,  Notes  and 
Vocabulary,  by  the  Rev.  A.  Calvert,  M.A.,  late  Fellow  of  St. 
John's  CoU^e,  Cambridge.     Fcap.  Svo.    4r.  6d, 

Cassel.— MANUAL  OF  JEWISH  HISTORY  AND  LITERA- 
TURE ;  preceded  by  a  BRIEF  SUMMARY  OF  BIBLE  HIS- 
TORY. By  Dr.  D.  Casseu  Translated  by  Mrs.  Henry  Lucas. 
Fcap.  8vo.     2x.  &d, 

Cheetham.-— A  CHURCH  HISTORY  OF  THE  FIRST  SIX 
CENTURIES.  By  the  Ven.  Archdeacon  Cheetham, 
Crown  Svo.  [/«  th^  press. 

Cross.— BIBLE  READINGS  SELECTED  FROM  THE 
PENTATEUCH  AND  THE  BOOK  OF  JOSHUA.  By 
the  Rev.  John  A.  Cross.  Second  Edition  enlarged,  with  Notes. 
Globe  Svo.     2s,  6d, 

Curteis.— -MANUAL  OF  THE  THIRTY-NINE  ARTICLES. 
By  G.  H.  Curteis,  M.A.,  Principal  of  the  Lichfield  Theo- 
logical College.  [/« pfiparoHon. 
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Davies. — the  EPISTLES  OF  ST.  PAUL  TO  THE  EPHE- 
SIANS,  THE  COLOSSIANS,  AND  PHILEMON;  with 
Introductions  and  Notes,  and  an  Essay  on  the  Traces  of  Foreign 
Elements  in  the  Theology  ol  these  Epistles.  By  the  Rgv.  J. 
Llewelyn  Davies,  M.A.,  Rector  of  Christ  Church,  St  Mary- 
lebone;  late  Fellow  of  Trinity  College,  Cambridge.  Second 
Edition.     Demy  8vo.     7/.  6d, 

Drummond— THE  STUDY  OF  THEOLOGY,  INTRO- 
DUCTION TO.  By  James  Drummond,  LL.D.,  Professor  of 
Theology  in  Manchester  New  College,  London.     Crown  8yo.     $s, 

Gaskoin.— The  CHILDREN'S  TREASURY  OF  BIBLE 
STORIES.  By  Mrs.  Herman  Gaskoin.  Edited  with  Preface 
byRev.  G.F.  Maclear,D.D.  Part  I.— OLD  TESTAMENT 
HISTORY.  i8mo.  ix.  Part  II. —NEW  TESTAMENT.  i8mo. 
IS.  Part  III.— THE  APOSTLES :  ST.  JAMES  THE  GREAT 
ST,  PAUL,  AND  ST  JOHN  THE  DIVINE.     i8mo.     is. 

Golden  Treasury  Psalter.— students'  Edition.    Being  an 

Edition  of   "The    Psalms    Chronologically  arranged,   by    Four 
Friends,"  with  briefer  Notes.     i8mo.    y.  6d, 

Greek  Testament. — Edited,  with  introduction  and  Appen- 
dices, by  Canon  Westcott  and  Dr.  F.  J.  A.  Hort.  Two 
Vols.     Crown  8vo.     lOr.  6d,  each. 

Vol.  I.  The  Text. 

Vol.  II.  Introduction  and  Appendix. 

Greek  Testament. — Edited  by  Canon  Westcott  and  Dr. 
Hort.  School  Edition  of  Text.  i2mo.  doth.  41.  6d.  i8mo. 
roan,  red  edges.     5^.  6d. 

GREEK  TESTAMENT,  SCHOOL  READINGS  IN  THE.  Being 
the  outline  of  the  life  of  oiir  Lord,  as  given  by  St.  Mark,  with 
additions  from  the  Text  of  the  other  Evangelists.  Arranged  and 
Edited,  with  Notes  and  Vocabulary,  by  the  Rev.  A.  Calvert, 
M.A.,  late  Fellow  of  St.  John's  College,  Cambridge.  Fcap.  8vo. 
4J.  6/. 

THE  ACTS  OF  THE  APOSTLES.  Being  the  Greek  Text  as 
revised  by  Drs.  Westcott  and  Hort.  With  Explanatory  Notes 
by  T.  E.  Page,  M.A.,  Assistant  Master  at  the  Charterhouse. 
Fcap.  8vo.    4J.  6d. 

THE  GOSPEL  ACCORDING  TO  St.  MARK.  Being  the  Greek 
Text  as  revised  by  Drs.  Westcott  and  Hort.  With  Explanatory 
Notes  by  R^v.  J.  O.  F.  Murray,  ^M.  A.,  Lecturer  in  Emmanud 
College,  Cambndge.     Fcap.  8vo.  [In  preparaiion. 

Hard  wick. — Works  by  Archdeacon  Hardwick  :— 
A  HISTORY  OF  THE  CHRISTIAN  CHURCH.  Middle 
Age.  From  Gregory  the  Great  to  the  Excommunication  of 
Luther.  Edited  by  William  Stubbs,  M.A.,  Regius  Professor 
of  Modem  History  in  the  University  of  Oxford.  With  Four 
Maps.     New  Edition.     Crown  8vo.     lor.  6d. 
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Hardwick. — Works  by  Archdeacon  Hardwick,  continued. 
A    HISTORY  OF  THE  CHRISTIAN  CHURCH  DURING 
THE  REFORMATION.    Eighth  Edition.    Edited  by  Professor 
Stubbs.    Crown  8vo.     lar.  6d. 

Jennings  and  Lowe.— THE  PSALMS,  WITH  INTRO- 
DUCTIONS AND  CRITICAL  NOTES.  By  A.  C.  Jennings, 
M.A. ;  assisted  in  prts  by  W.  H.  Lowe,  M.A.  In  2  vols. 
Second  Edition  Revised.    Crown  ^vo.     lor.  6d,  each. 

Kay.— T.  PAUL'S  TWO  EPISTLES  TO  THE  CORIN- 
THIANS, A  COMMENTARY  ON.  By  the  late  Rev.  W. 
Kay,  D.D.,  Rector  of  Great  Leghs,  Essex,  and  Hon.  Canon  of 
St.  Albans  ;  formerly  Principal  of  Bishop's  College,  Calcutta ;  and 
Fellow  and  Tutor  of  Lincoln  Collie.    Demy  8va     gs, 

Kuenen.— PENTATEUCH  AND  BOOK  OF  JOSHUA:  an 
Historico- Critical  Inquiry  into  the  Origin  and  Composition  of  the 
Hexateuch.  By  A.  Kuenen,  Professor  of  Theology  at  Leiden. 
Translated  from  the  Dutch,  with  the  assistance  of  the  Author,  by 
Phillip  H.  Wicksteed,  M.A.  8vo.  14J. 
The  Oxford  Magazine  says: — **The  woiic  is  absolutely  indispensable  to  all 

special  students  of  the  Old  Testament." 

Lightfoot. — Works  by  the  Right  Rev.  J.  B.  Lightfoot,  D.D., 

D.C.L.,  LL.D.,  Lord  Bishop  of  Durham. 
ST.  PAUL'S  EPISTLE  TO  THE  GALATIANS.     A  Revised 

Text,    with    Introduction,     Notes,    and    Dissertations.      Ninth 

Edition,  revised.    8vo.     12s, 
ST.  PAUL'S  EPISTLE  TO  THE  PHILIPPIANS.    A  Revised 

Text,    with    Introduction,    Notes,    and   Dissertations.       Ninth 

Edition,  revised.    8vo.     125. 
ST.   CLEMENT    OF  ROME— THE    TWO   EPISTLES    TO 

THE  CORINTHIANS.    A  Revised  Text,  with  Introduction  and 

Notes.    8vo.    8j.  6d. 
ST.  PAUL'S  EPISTLES  TO  THE  COLOSSIANS  AND  TO 

PHILEMON.    A  Revised  Text,    with    Introductions,    Notes, 

and  Dissertations.     Eighth  Edition,  revised.    8vo.     I2s, 
THE    APOSTOLIC    FATHERS.    Part  II.     S.   IGNATIUS— 

S.  POLYCARP.      Revised  Texts,   with    Introductions,   Notes, 

Dissertations,  and  Translations.     2  volumes  in  3.     Demy  8vo.  4&r. 

Maclear. — Works  by  the  Rev.  G.  F.  Maclear,  D.D.,  Canon  of 

Canterbury,  Warden  of  St.  Augustine's  College,  Canterbury,  and 

late  Head-Master  of  King's  College.  School,  London : — 
A  CLASS-BOOK  OF  OLD  TESTAMENT  HISTORY.     New 

Edition,  with  Four  Maps.     i8mo.     ^r.  6d, 
A    CLASS-BOOK    OF    NEW     TESTAMENT     HISTORY, 

including  the    Connection  of  the    Old   and    New  Testaments. 

With  Four  Maps.     New  Edition.     i8mo.     5j.  6d, 
A  SHILLING  BOOK  OF    OLD    TESTAMENT    HISTORY, 

for  National  and  Elementary  Schools.     With  Map.     i8mo,  cloth. 

New  Edition. 
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Maclean — Work«  bv  the  Rev.  G.  F.,  conHntud, 

A  SHILLING  BOOK  OF  NEW  TESTAMENT  HISTORY, 
for  National  and  Elementary  Schoob.  With  Map.  i8mo,  doth. 
New  Edition. 

These  works  have  been  carefully  abridged  from  the  Author's 
large  manuals. 

CLASS-BOOK  OF  THE  CATECHISM  OF  THE  CHURCH 
OF  ENGLAND.     New  Edition.     i8mo.     u.  6^. 

A  FIRST  CLASS-BOOK  OF  THE  CATECHISM  OF  THE 
CHURCH  OF  ENGLAND.  With  Scripture  Proofs,  for  Junior 
Classes  and  Schools.     New  Edition.     i8mo.    6</. 

A  MANUAL  OF  INSTRUCTION  FOR  CONFIRMATION 
AND  FIRST  COMMUNION.  WITH  PRAYERS  AND 
DEVOTIONS.  32mo,  cloth  extra,  red  edges.  2j. 
Maurice.— THE  LORD'S  prayer,  THE  CREED,  AND 
THE  COMMANDMENTS.  A  Manual*  for  Parents  and 
Schoolmasters.  To  which  is  added  the  Order  of  the  Scriptures. 
By  the  Rev.  F.Dknison  Maurice,  M.  A.  i8mo,  cloth,  limp.  u. 
Pentateuch  and  Book  of  Joshua  :  an  Historico-Critical 
Inquiry  into  the  Origin  and  Composition  of  the  Hexateuch.  By 
A.  KUENEN,  Professor  of  Theology  at  Leiden.  Translated  from 
the  Dutch,  with  the  assistance  of  the  Author,  by  Philip  H. 

WiCKSTEED,  M.A.      8vO.      I4J. 

Procter.— A  HISTORY  OF  THE  BOOK  OF  COMMON 
PRAYER,  with  a  Rationale  of  its  Offices.  By  Rev.  F.  Procter. 
M.A.    17th  Edition,  revised  and  enlarged.    Crown  8va    lor.  dd, 

Procter  and  Maclean — an  elementary  intro- 
duction TO  THE  BOOK  OF  COMMON  PRAYER.  Re- 
arranged and  supplemented  by  an  Explanation  of  the  Morning 
and  Evening  Prayer  and  the  Litany.  By  the  Rev.  F.  Procter 
and  the  Rev.  Dr.  Maclsar.  New  and  Enlarged  Edition, 
containing  the  Communion  Service  and  the  Confirmation  and 
Baptismal  Offices.     i8mo.     2s,  6d, 

The  Psalms,  with  Introductions  and  Critical 
Notes. — By  A.  C;  Jennings,  M, A.,  Jesus  College  Cambridge, 
Tyrwhitt  Scholar,  Crosse  Scholar,  Hebrew  University  Prizeman, 
and  Fry  Scholar  of  St.  John's  College,  Cams  and  Scholefield 
Prizeman,  Vicar  of  Whittfesford,  Cambs. ;  assisted  in  Parts  by  W. 
H.  Lowe,  M.A.,  Hebrew  Lecturer  and  late  Scholar  of  Christ's 
College,  Cambridge,  and  Tyrwhitt  Scholar.  In  2  vols.  Second 
Edition  Revised.     Crown  8vo.    los,  6d,  each. 

Ramsay.— THE  CATECHISER'S  manual;  or,  the  Church 
Catechism  Illustrated  and  Elzplained,  for  the  Use  of  Clergymen, 
Schoolmasters,  and  Teachers.  By  the  Rev.  Arthur  Ramsay, 
M.A.    New  Edition.     i8mo.     is,  6d, 

Ryle.— AN  INTRODUCTION  TO  THE  CANON  OF  THE 
OLD  TESTAMENT.  By  Rev.  H.  E.  Ryle,  M.A.,  FeUow 
of  King's  College,  and  Hulsean  Professor  of  Divinity  in  the 
TTnivi»rsitv  of  Cambridge.     Crown  8vo.  f/«  tre^raiian. 
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St.  James'  Epistle. — The  Greek  Text  with  Introduction  and 
Notes.  By  Rev.  Joseph  Mayor,  M.A.,-  Professor  of  Moral 
Philosophy  in  King's  College,  London.        8vo.     \In  preparcUioiu 

St.  John's  Epistles.— The  Greek  Text  with  Notes  and  Essays, 
by  Brooks  Foss  Wkstcott,  D.D.,  Regius  Professor  of  Divinity 
and  Fellow  of  King's  College,  Cambridge,  Canon  of  Westminster, 
&c.     Second  Edition  Revised.     8vo.     I2j.  6</. 

St.  Paul's  Epistles. — Greek  Text,  with  Introduction  and  Notes. 

THE  EPISTLE  TO  THE  GALATIANS.  Edited  by  the  Right 
Rev.  J.  B.  LiGHTFOOT,  D.D.,  Bishop  of  Durham.  NinA 
Edition.    8vo.     I2j. 

THE  EPISTLE  TO  THE  PHILIPPIANS.  By  the  same  Editor. 
Ninth  Edition.     8vo.    \2s, 

THE  EPISTLE  TO  THE  COLOSSIANS  AND  TO  PHI- 
LEMON.    By  the  same  Editor.    Eighth  Edition.     8vo.     I2J. 

THE  EPISTLE  TO  THE  ROMANS.  BBited  by  the  Very  Rev. 
C.  J.  Vaughan,  D.D.,  Dean  of  Llandaff,  and  Master  of  the 
Temple.     Fifth  Edition.    Crown  8vo.     7^.  6rf. 

THE  EPISTLE  TO  THE  PHILIPPIANS,  with  Translation, 
Paraphrase,  and  Notes  for  English  Readers.  By  the  same  Editor. 
Crown  8vo.     5j. 

THE  EPISTLE  TO  THE  THESSALONIANS,  COMMENT- 
ARY ON  THE  GREEK  TEXT.  Bv  John  Eadie,  D.D.,  LL.D. 
Edited  by  the  Rev.  W.  Young,  M.A.,  with  Pre&ce  by  Professor 
Cairns.    8vo.    i2j. 

THE  EPISTLES  TO  THE  EPHESIANS,  THE  COLOSSIANS, 
AND  PHILEMON;  with  Introductions  and  Notes,  and  an 
Essay  on  the  Traces  of  Foreign  Elements  in  the  Theology  of  these 
Epistles.  By  the  Rev.  J.  Ixewslyn  Davibs,  M.A.,  Rector  of 
Christ  Church,  St.  Maiylebone ;  late  Fellow  of  Trinity  College, 
Cambridge.     Second  Edition,  revised.     Demy  8vo.     7j.  dd 

THE  TWO  EPISTLES  TO  THE  CORINTHIANS,  A  COM- 
MENTARY  ON.  By  the  late  Rev.  W.  Kay,  D.D.,  Rector  of 
Great  Leghs,  Essex,  and  Hon.  Canon  of  St.  Allxms ;  formerly 
Principal  of  Bishop's  College,  Calcutta ;  and  Fellow  and  Tutor  of 
Lincoln  College.     Demy  8vo.    ^f. 

The  Epistle  to  the  Hebrews,  in  Greek  and  English. 
With  Critical  and  Explanatory  Notes.  Edited  by  Rev.  Frederic 
Rend  ALL,  M.  A.,  formerly  Fellow  of  Trinity  College,  Cambridge, 
and  Assistant-Master  at  Harrow  SchooL  Crown  8vo.  6;. 
THE  ENGLISH  TEXT,  WITH  NOTES.  By  the  same  Editor. 
Crown  8vo.  [/«  the  press. 

The  Epistle  to  the  Hebrews.  The  Greek  Text  with 
Notes  and  Essays  by  B.  F.  Westcott,  D.D.    8vo.      [In  the  press. 

WestCOtt. — ^Worksby  Brooke  Foss  Westcott,  D.D.,  Canon  of 
Westminster,  Regius  Professor  of  Divinity,  and  ^Fellow  of  King's 
College,  Cambridge. 
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WestCOtt. — Works  by  Brooks  Foss,  continued, 

A  GENERAL  SURVEY  OF  THE  HISTORY  OF  THE 
CANON  OF  THE  NEW  TESTAMENT  DURING  THE 
FIRST  FOUR  CENTURIES.  Sixth  Edition.  With  Preface  on 
**  Supernatural  Religion."    Crown  8vo.     lor.  6d, 

INTRODUCTION  TO  THE  STUDY  OF  THE  FOUR 
GOSPELS.     Sixth  Edition.     Crown  8vo.     los.  6^. 

THE  BIBLE  IN  THE  CHURCH.  A  Popular  Account  of  the 
Collection  and  Reception  of  the  Holy  Scriptures  in  the  Christian 
Churches.     New  Edition.     iSmo,  cloth.     41.  6d, 

THE  EPISTLES  OF  ST.  JOHN.  The  Greek  Text,  with  Notes 
and  Essays.    Second  Edition  Revised.     8vo.     I2J.  6d. 

THE  EPISTLE  TO  THE  HEBREWS.  The  Greek  Text 
Revised,  with  Notes  and  Essays,     8vo.  [In  the  press, 

SOME  THOUGHTS  FROM  THE  ORDINAL.    Cr.  8vo.    u.  6^1 

WestCOtt  and  Hort. — the   new   testament   in 

THE  ORIGINAL  GREEK.  The  Text  Revised  by  B.  F. 
WESTCOTT,  D.D.,  Regius  Professor  of  Divinity,  Canon  <rf 
Westminster,  and  F.  J.  A.  Hort,  D.D.,  Lady  Margaret  Pro- 
fessor of  Divinity  ;  Fellow  of  Emmanuel  College,  Cambridge :  late 
Fellows  of  Trinity  College,  Cambridge,  2  vols.  Crown  8vo. 
\05. 6d.  each. 

Vol.  I.  Text 

VoL  II.  Introduction  and  Appendix. 

THE  NEW  TESTAMENT  IN  THE  ORIGINAL  GREEK,  FOR 
SCHOOLS.  The  Text  Revised  by  Brooke  Foss  Westcott, 
D.D.,  and  Fenton  John  Anthony  Hort,  D.D.  i2mo.  doth. 
4J.  6d.     i8mo.  roan,  red  edges.  5j.  ,6//. 

Wilson. — The  BIBLE  STUDENTS  GUIDE  to  the  more 
Correct  Understanding  of  the  English  Translation  of  the  Old 
Testament,  by  reference  to  the  original  Hebrew.  By  William 
Wilson,  D.D.,  Canon  of  Winchester,  late  Fellow  of  Queen's 
College,  Oxford.  Second  Edition,  carefully  revised.  4to. 
cloth.     2$^. 

Wright.—THE  BIBLE  WORD-BOOK  :  A  Glossary  of  Archaic 
Words  and  Phrases  in  the  Authorised  Version  of  the  Bible  and  the 
Book  of  Common  PrAyer.  By  W.  Aldis  Wright,  M.A.,  Vice- 
Master  of  Trinity  College,  Cambridge.  Second  Edition,  Revised 
and  Enlai^ed.     Crown  8vo,     ys,  6d, 

Yonge  (Charlotte  M.).— SCRIPTURE  READINGS   FOR 

SCHOOLS  AND  FAMILIES.     By  Charlotte   M.   Yonge. 

Author  of  "  The  Heir  of  Redclyffe."     In  Five  Vols. 
First  Series.    Genesis  to  Deuteronomy.     Extra  fcap.     8vo. 

ij.  6d,     With  Comments,  y,  6d, 
Second   Series.      From  Joshua    to    Solomon.       Extra    fcap. 

8vo.     ij.  6t/.     With  Comments,  p.  dd. 
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Third   Series.     The  Kings  and  the  Prophets.     Extra  fcap. 

8vo.     is.  6d,    With  Comments,  3j.  &/. 
Fourth  Series.     The  Gospel  Times,     is,  6d,    With  Comments. 

Extra  fcap.  8vo,  y,  6d. 
Fifth  Series.      Apostolic  Times.      Extra  fcap.  8vo.      is.  &/. 

With  Comments,  jj.  6d. 

Zechariah — Lowe. — the  HEBREW  student's  com- 
mentary ON  zechariah,  HEBREW  AND  LXX. 
With  Excursus  on  Syllable-dividing,  Metheg,  Initial  Dagesh,  and 
Siman  Rapheh.  By  W.  H.  Lowe,  M.A.,  Hebrew  Lecturer  at 
Christ's  College,  Cambridge.     DemySvo.     iQr.  6d. 
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MACMILUN'S  GEOGRAPHICAL  SERIES. 

Edited  by  Archibald  Gbikie,  F.R.S.,  Director-General  of  the 
Geological  Survey  of  the  United  Kingdom. 

The  following  List  of  Volnmes  is  contemplated : — 

The  Teaching  op  Geography.  A  Practical  Handbook  for 
the  use  of  Teachers.  By  Archibald  Geikie,  F.R.S., 
Director-General  of  the  Geological  Survey  of  the  United 
Kingdom,  and  Director  of  the  Museum  of  Practical  Geology, 
Jermyn  Street,  London;  formerly  Murchison  Professor  of 
Geology  and  Mineralogy  in  the  University  of  Edinburgh. 
Crown  8vo.     2s,  [/Setufy, 

\*  The  aim  of  this  volume  is  to  advocate  the  claims  of  geography 
as  an  educational  discipline  of  a  high  order,  and  to  show  how 
these  claims  may  be  practically  recognised  by  teachers. 

An  Elementary  Geography  of  the  British  Isles.  By 
Archibald  Geikie,  F.R.S.,  &c.     i8mo.     is.  [I^eoify^ 

The  Elementary  School  Atlas.  By  John  Bartholomew, 
F.  R.  G.  S.  Designed  to  illustrate  the  principal  Text-Books  on 
Elementary  Geography.     Price  is. 

Maps  and  Map  Making.  By  Alfrbd  Hughes,  M.A.,  late 
Scholar  of  Corpus  Christi  College,  Oxford,  Assistant  Master 
at  Manchester  Grammar  School.     Crown  8va 

An  Elementary  General  Geography.  By  Hugh  Robert 
MiLL».D.Sc.  Edin.     Crown  8vo. 

A  Geography  of  the  British  Colonies. 

A  Geography  of  Europe. 

A  Geography  of  America. 

A  Geography  of  Asia. 

A  Geography  of  Africa. 

A  Geography  of  the  Oceans  and  Oceanic  Islands. 

Advanced  Class-Book  of  the  Geography  of  Britain. 

Geography  of  Australia  and  New  Zealand. 

Geography  of  British  North  America. 

Geography  of  India. 

Geography  of  the  United  States. 

Advanced  Class-Book  of  the  Geography  of  Europe. 
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